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SECTION I 

1 INTRODUCTION 

This document is a final report on the work accomplished on 
Modifications No. 7 and 8, System Concept Analysis and AROD Appli- 
cations Study, to NASA Contract NAS-8-11835 AROD System Test Model 
Hardware. The report contains analyses and observations pertaining 
to the system concepts, the implementation of these concepts, 
potential expansion of the concepts, and potential application of 
the system both with the present concepts and with modified con- 
cepts. The system concepts, in general,.have proven to be quite 
versatile and permit the system to be adaptable to a large class 
of applications. 

.. 
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SECTION IT 

2 .  THE SYSTEM CONCEPT AND ITS  IEiPLEbfENTATION 

The concepts  about  which the AROD system i s  modeled a r e  t h o s e  
s t a t e d  i n  t h e  Scope of Work f o r  t h e  AROD System T e s t  Model Hard- 
ware. I n  t h e  fo l lowing  paragraphs t h e s e  concepts  are summarized 
and t h e  manner i n  which t h e  equipment was implemented t o  s a t i s f y  
t h e  concepts  i s  reviewed.. 

2 . 1  THE AROD CONCEPT 

AROD i s  a v e h i c l e - b a s e d  CW r a d i o  frequency system,' o p e r a t i n g  a t  
S-band f r e q u e n c i e s ,  f o r  p rov id ing  in fo rma t ion  on t h e  p o s i t i o n  and 
v e l o c i t y  of  launch o r  space  v e h i c l e s .  The ou tpu t  can be used f o r  
guidance of t h e  v e h i c l e ,  o r  f o r  measuring v e h i c l e  performance.  

Veh ic l e  p o s i t i o n  i s  obta ined  by t r i l a t e r a t i o n  of  t h e  r anges  from 
t h r e e  'ground s t a t i o n s ,  t h e  ranges having been measured by t h e  phase 
s h i f t  o f  a range modulat ion imposed upon t h e  c a r r i e r .  The v e h i c l e  
v e l o c i t y  i s  o b t a i n e d  by p rocess ing  of t h e  s l a n t  r a n g e - r a t e  from 
t h r e e  o r  more ground s t a t i o n s ,  t h e  r a n g e - r a t e  having been ob ta ined  
by measurement of  t h e  Doppler s h i f t  o f  t h e  c a r r i e r .  

I' Computation of  p o s i t i o n  and v e l o c i t y  i s  performed on board t h e  
v e h i c l e .  The o u t p u t  i s  i n  d i g i t a l  form, i n  n e a r - r e a l  time, and 
w i t h  an even t - t ime  c o r r e l a t i o n  t o  w i t h i n  t e n  microseconds.  The 
ground s t a t i o n s  a r e  s imple  and i n  most i n s t a n c e s  may be unmanned; 
no p a r t i c u l a r  geometry of  ground s t a t i o n  l o c a t i o n  i s  r e q u i r e d .  
Furthermore,  no communication l i n k  o r  time c o r r e l a t i o n  between 
ground s t a t i o n s  i s  r e q u i r e d .  Opera t ion  o f  the ground s t a t i o n s  is 
c o n t r o l l e d  from t h e  v e h i c l e  by means of a vhf c o n t r o l  l i n k .  

The AROD System has  t h e  c a p a b i l i t y  of  be ing  used w i t h  any type  
of v e h i c l e ,  and can p rov ide  nonredundant range d a t a  o u t  t o  a l i m i t  
de te rmined  by t h e  p a r t i c u l a r  range modulation being employed. 
Fur thermore ,  t h e  system i s  compat ible  w i t h  o t h e r  S-band r a d i o  
f requency  systems;  mult ipurpose use  can be made o f  t h e  AROD c a r -  
r i e r  f o r  communications, t e l e m e t r y ,  o r  o t h e r  a p p l i c a t i o n s .  The 
maximum unambiguous range  was t o  bc 2000 ltni f o r  thc  T e s t  JVode1 
equipment.  

A I 1  frequencies and t iming  s i g n a l s  used i n  t h e  AROD Vehic le  
borne  System a r e  d e r i v e d  from, o r  c o n t r o l l e d  by,  f r e q u e n c i e s  de- 
r i v e d  from t h e  mas te r  o s c i l l a t o r  loci l ted i n  t h e  Frcqiicncy and 
Time Reference s e c t i o n .  These f r e q u c n c i e s  a r e  phase cohe ren t  i n  
t h e  meaning of phase coherence as de f ined  f o r  use i n  t h i s  document. 
T ime  and even t  marker s i g n a l s  a r e  s i m i l a r l y  cohe ren t .  The t iming  
i s  unambiguous Over a f i v e  minute i n t e r v a l .  

2 - 1  



2 . 1 . 1  RanEe Measuring 

The Vehicle  Tracking  T r a n s m i t t e r  i s  An l e  Modulated by a 
range s i g n a i .  The range s i g n a l  i s  proces'se + through t h e  Ground 
Transponder System and t r a n s m i t t e d  back t o  t h e  v e h i c l e  w i t h  t h e  
phase coherence r e t a i n e d .  In  t h e  Vehic le  Tracking Rece iver ,  t h e  
d e l a y  incu r red  b y  t h e  range s i g n a l ,  i n  t r a n s i t  t o  t h e  ground s t a -  
t i o n  and back, i s  measured by comparison of  t h e  r e t u r n e d  s i g n a l  
w i t h  a r e f e r e n c e  range s i g n a l .  The range modulation i s  appro-  
p r i a t e l y  chosen t o  measure o u t  t o  t h e  r e q u i r e d  maximum d i s t a n c e  
and t o  provide a p p r o p r i a t e  phase ambiguity r e s o l u t i o n .  The range 
i s  o b t a i n e d  by m u l t i p l y i n g  t h e  ineasured d e l a y  by t h e  a p p r o p r i a t e  
c o n s t a n t .  

2 . 1 . 2  Ve loc i ty  MeasurinR 

AROD determines t h e  Doppler v e l o c i t y  of a v e h i c l e  w i t h  r e s p e c t  
t o  a p a r t i c u l a r  ground s t a t i o n  by measuring t h e  Doppler s h i f t  of 
t h e  c a r r i e r  frequency r e t u r n e d  t o  t h e  v e h i c l e  ffom t h e  ground s t a -  
t i o n .  The r e t u r n  t r ansmiss ion  i s  d e r i v e d  c o h e r e n t l y  i n  t h e  ground 
t r ansponder  system from t h e  c a r r i e r  t r a n s m i t t e d  from t h e  v e h i c l e .  
Thus, t h e  Doppler s h i f t  t h a t  i s  measured i s  t h e  sum o f  t h a t  i n -  
c u r r e d  i n  t h e  forward and r e t u r n  t r a n s m i s s i o n ,  The Doppler s h i f t  
i s  peasu red  by comparison wi th  a Doppler r e f e r e n c e  frequency which 
i s  phase coherent  w i t h  t h e  v e h i c l e  t r a c k i n g  t r a n s m i t t e r  f requency .  

2.1.3 S t a t i o n  Cont ro l  and .  S i g n a l  A c q u i s i t i o n  

A vhf s t a t i o n  c o n t r o l  l i n k  from t h e  v e h i c l e  t o  t h e  ground p ro -  
v i d e s  a means o f  c o n t r o l l i n g  t h e  ground s t a t i o n  system from t h e  
v c h i c l e .  Ground s t a t i o n s  a r e  p l a c e d  i n t o  o p e r a t i o n ,  v i a  t h e  s t a -  
t i o n  c o n t r o l  l i n k ,  as r e q u i r e d  and a s  scheduled i n  t h e  Veh ic l e  
System Cont ro l  Sec t ion .  S t a t i o n s  a r e  p l a c e d  ou t  of o p e r a t i o n  i n  
a s i m i l a r  manner. Ground Tracking  Antenna p o i n t i n g  d a t a  i s  ob- 
t a i n e d  Erom a d i r e c t i o n  f i n d i n g  system a s s o c i a t e d  w i t h  t h e  ground 
t e rmina l  of  the vhf  s t a t i o n  c o n t r o l  l i n k .  

The Ground S t a t i o n  Control  Rece iver  does no t  r e q u i r e  a f requency  
o r  t ime c o r r e l a t i o n  s e a r c h  t o  r e c e i v e  t h e  c o n t r o l  s i g n a l  from t h e  
s t a t i o n  c o n t r o l  t r a n s m i t t e r ;  t h e r e f o r e ,  t h e  Doppler and t iming  i n -  
format ion  which i s  ob ta ined  from t h e  c o n t r o l  l i n k  i s  used t o  a i d  
t h e  a c q u i s i t i o n  o f  t h e  t r a c k i n g  s i g n a l  from t h e  v e h i c l e .  The 
ground t r a n s m i t t e r  i n s e r t s  "1)oppler i n v e r s i o n "  i n  t h e  r e t r a n s -  
m i t t e d  c a r r i e r  t o  compensate f o r  Doppler s h i f t  s o  t h a t  t h e  r e t u r n  
c a r r i e r  a r r i v e s  back a t  t h e  v e h i c l e  a t  approximate ly  t h e  r e s t  f r e -  
quency o f  t h e  veh.i.cle t r a c k i n g  r e c e i v c r .  The Doppler '  compensation 
i s  removed from t h e  grouncl t r a n s m i t t e r  by comm;lncI* from t h e  v e h i c l e  
a f t e r  t h e  a c q u i s i t i o n  i s  completed on the v e h i c l e .  

1 
2 
I 

2 - 2  

. . .  . 



2 . 2  IbIPLEMENTATION 

The implementa t i  

REVIEW 

n of t h e  above Loncept s e r v e s  as a base  upon 
which t o  h i s c u s s  t h e i r  mod i f i ca t ions .  
c o n s t i t u t e  a b r i e f  rev iew o f  t h e  methods, s u c c e s s e s ,  and t h e  
c r i t i c a l  areas i n  t h e  des ign .  

The fo l lowing  paragraphs  

2 . 2 . 1  Modulation Method 

The b a s i c  sys tem requi rements ,  l ong  range  o p e r a t i o n ,  low power, 
h igh  accuracy ,  l a r g e  nonambiguous range  measurement, r a p i d  acqu i -  
s i t i o n ,  s i g n a l  dropout  p r o t e c t i o n ,  p r o t e c t i o n  a g a i n s t  m u l t i p a t h ,  
h igh  f l i g h t  dynamics, n o n s e n s i t i v i e  equipment,  and long  term s t a -  
b i l i t y ,  a l l  p l a c e d  an  impor tan t  r o l e  i n  t h e  s e l e c t i o n  of t h e  modu- 
l a t i o n  and demodulat ion methods. The d e t a i l e d  method of modulat ion 
could  n o t  be s e l e c t e d  wi thout  c o n s i d e r i n g  t h e  methods of  a c q u i s i -  
t i o n  and demodulat ion.  However, t h e  i n f l u e n c e  o f  t h e s e  i s  d i scussed  
i n  paragraph  2 . 2 . 2 .  The ch ie f  c o n s t r a i n t s  were t r a n s m i t t e r  power, 
a l lowab le  r - f  bandwidth,  and c a r r i e r  f requency  a l l o c a t i o n .  

There are  t h r e e  g e n e r i c  methods o f  modulat ion t h a t  may be used 
f o r  r ang ing :  P u l s e ,  Phase-Coded CW, o r  M u l t i p l e  Tone Angle Modu- 
l a t i o n ,  There a r e  combinat ion sys tems,  bu t  t h e s e  c o n s t i t u t e  t h e  
b a s i c  forms.  

For h igh  accuracy ,  a h igh  frequency tone  i s  d e s i r e d  f o r  f i n e  
range  measurement. I n  terms o f  p u l s e s ,  t h i s  means a narrow p u l s e .  
Because o f  a maximum bandwidth c o n s t r a i n t ,  t h e  modulat ion was 
l i m i t e d  t o  a bandwidth o f  t h e  o r d e r  o f  6 M H z .  A s i n g l e  s i n e  wave 
a t  t h i s  f requency  would y i e l d  maximum accuracy  b u t  no ambigui ty  
r e s o l u t i o n ,  i . e . ,  t h e r e  i s  no way t o  d i s t i n g u i s h  one wavelength. 
from ano the r .  M u l t i p l e  t ones  could  be used t o  r e s o l v e  t h e s e  am- 
b i g u i t i e s  j u s t  a s  t h e  r e p e t i t i o n  r a t e  could  be t a i l o r e d  f o r  maxi- 
mum ambigui ty  r e s o l u t i o n  wi th  a p u l s e  system. I n  t h e  former case,  
t h e  added tones  reduce  t h e  a l lowable  energy a v a i l a b l e  f o r  t h e  f i n e  
r e s o l u t i o n  tone .  I n  t h e  l a t t e r  c a s e ,  t h e  peak- to-average  power 
r a t i o s  become i n o r d i n a t e .  O f  c o u r s e ,  t h e r e  a r e  methods t o  minimize 
t h e s e  drawbacks. 

The r e j e c t i o n  of  m u l t i p a t h  was cons ide red  t o  be impor tan t  f o r  
t h e  optimum system o p e r a t i o n .  The degree  t o  which m u l t i p a t h  can 
be  r e j e c t e d  i s  c o n s t r a i n e d  e n t i r e l y  by t h e  a l lowab le  r a d i a t e d  band- 
w i d t h .  lVhen t h e  m u l t i p a t h  de l ay  is  longer  than  t h e  p u l s e  wid th ,  
p u l s e  modulat ion can r e j e c t  i t ;  however, ang le  modulat ion i n  gen- 
e r a l  has  poor m u l t i p a t h  r e j e c t i o n  c a p a b i l i t i e s .  

A good compromise between the advantages cif a n g l e  - . - ' * * ' -+ :~n i i i u c t u I a c . i u i i  

and p u l s e  modulat ion i s  phase-coded CIV, o r  b iphase  modulated pseudo- 
n o i s e  ( P N ) .  I t  has  t h e  average power c h a r a c t e r i s t i c s  of ang le  modu- 
l a t i o n  and t h e  m u l t i p a t h  r e j e c t i o n  and ambigui ty  r e s o l u t i o n  of p u l s e  
modula t ion .  The accuracy  a t t a i n a b l e  i s  n e a r l y  t h a t  of t h e  ang le  
modula t ion .  Pseudo-noise  code modulat ion i s  nea r  optimuin, i f  no t  
optimum, s u b j e c t  t o  a l l  t h e  c o n s t r a i n t s .  

2 - 3  
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The system requi rements  no t  only s p e c i f i e d  h igh  ranging  accu- 
r acy  b u t  a l s o  h igh  range r a t e  accuracy.  The l a t t e r  could on ly  be 
ob ta ined  from t h e  c a r r i e r  Doppler s h i f t .  Hence, a f u l l y  coherent  
system was e s s e n t i a l ,  Furthermore,  i t  was as necessa ry  t o  p r o t e c t  
t h e  c a r r i e r  from m u l t i p a t h  a s  t h e  ran'ging s i g n a l .  The re fo re ,  sup- 
p r e s s e d  car r ie r  t r a n s m i s s i o n  was r c q u i r e d .  T h i s  compounds t h e  
a c q u i s i t i o n  problem, s i n c c  a s ca rch  must be made i n  both  time 
(range)  and frequency (range r a t e ) .  Although t h e  c a r r i e r  f requency 
s e a r c h  problem on t h e  down-link was so lved  by t h e  VIIF Command Link,  
and on t h e  u p - l i n k  by t h e  Doppler Reverse t echn ique ,  t h e r e  was 
s t i l l  t h e  time and frequency s e a r c h  f o r  t h e  modulation t o  be 
r e so lved .  

A s  t h e  a m b i g u i t y - t o - r e s o l u t i o n  element r a t i o  was h i g h ,  a s imple  
PN code would n e c e s s i t a t e  an i n o r d i n a t e  s e a r c h  time i n  both  range 
and r a n g e - r a t e .  The l a t t e r  because t h e  Doppler s h i f t  could exceed 
t h e  range loop bandwidth ( n e c e s s a r i l y  smal l  f o r  h igh  accuracy)  by 
a f a c t o r  o f  100 t o  1. The number of time s l o t s  o r  range r e s o l u t i o n  
i n t e r v a l s  was 8 0 , 0 0 0  o r  more. For t h i s  r eason ,  a f a s t - s l o w  coding 
method was devised .  A s l o w  code was run  from t h e  word l e n g t h  of 
t h e  f a s t  code. The l a t t e r  was 511 b i t s  l ong ,  t h e  former ,  1 2 7  b i t s .  
The t o t a l  per iod  was 2 x 5 1 1  x 1 2 7  r e s o l u t i o n  i n t e r v a l s .  
so lved  t h e  ambiguity and r e s o l u t i o n  problem. 

This  

The i n i t i a l  s e a r c h  was f o r  t h e  slow code ,  where on ly  1 2 7  b i t s  
needed t o  be searched .  When a c q u i r e d ,  t h e  e r r o r  was a smal l  p a r t  
of t h e  5 1 1  f a s t  o r  ''Id code" b i t s .  These could then  be ob ta ined  by 
a s h o r t  second sea rch .  

More impor tan t ,  t h e  s l o w  o r  "L Code" c l o c k  f requency  was s o   lo^, 
approximately 1 2  kI-Iz, t h a t  a r a n g e - r a t e  s e a r c h  was not  r e q u i r e d .  
A f t e r  L-code a c q u i s i t i o n ,  r a t e - a i d  of t h e  range  loop by t h e  c a r r i e r  
l o o p  e l imina ted  a Doppler s e a r c h  f o r  t h e  H code.  

Once t r a c k i n g  i n  €1 code,  t h e  range and c a r r i e r  loops  respond 
only t o  H-code coded s i g n a l s .  Although u n t i l  t h i s ,  t h e  m u l t i p a t h  
p r o t e c t i o n  was minimal; i n  11-code t r a c k ,  t h e  p r o t e c t i o n  i s  t h e  
maximum p o s s i b l e  under t l ie c o n s t r a i n t s .  

The m o s t  s u s c e p t i b l e  p a r t  o f  tlie system was t h e  c a r r i e r  l oop .  
The dynamics of  t h e  system were such t h a t  i t  had t o  have a bane.- 
width g r e a t e r  t han  200  112. 

modulation t r a c k i n g ,  t l ie system t h r e s h o l d  was determined by t h e  
c a r r i e r  loop and t h e  a c q u i s i t i o n  r a t e s .  

As a l l  o €  t h e  r e c e i v e d  energy can be used i n  bo th  range  and 

Although the  system cou1.d have gone from L-code t o  coniplete 
ll-codc modulation, t h e r e  was some concern w i t h  s i g n a l  dropout  and 
t h e  comparatively long t ime f o r  r e a c q u i s i t i o n .  Consequent ly ,  the  
L-code and [I-code modulat ions were time sha red  on a 50 p e r c e n t  
du ty  c y c l e  b a s i s .  I n  f u l l  t r a c k ,  t h e  c a r r i e r  loop  used one 
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i n t e r v a l  and t h e  range  l o o p  t h e  nex t .  As a r e s u l t ,  t h e r e  i s  a 
6 db energy  l o s s  f o r  each  t r a c k i n g  f u n c t i o n .  Th i s  i s  a compromise 
t o  two t h i n g s .  F i r s t ,  t h e  t ime-shar ing  H-code i n t e r v a l s  i s  a 
concess ion  t o  t h e  p r a c t i c a l  c i r c u i t  problems d i scussed  i n  s e c t i o n  
2 . 2 . 2 .  Second, t ime s h a r i n g  t h e  L and H codes was a concess ion  t o  
s i g n a l  dropout .  .With a s h o r t  loss of  s i g n a l ,  H-code c o r r e l a t i o n  
could  be l o s t ,  b u t  by r e t u r n i n g  t o  L-code t r a c k ,  t h e  t o l e r a n c e  
was i n c r e a s e d  a thousand t imes ,  This  a l lows  r a p i d  recovery  when 
t h e  s i g n a l  r e t u r n s .  

d e c i b e l s ,  a l l  system f u n c t i o n s  f a i l  a t  t h e  same p o i n t .  That  i s :  
The system t h r e s h o l d  i s  about - 1 2 8  dbm. Within a ' ve ry  few 

1. The c a r r i e r  l o s e s  t r a c k  

2 .  The range  e r r o r  becomes excess ive  

3 .  The d a t a  e r r o r  r a t e  i s  e x c e s s i v e  

4 .  The system cannot  acqu i r e  o r  r e a q u i r e  

As a system, t h e r e f o r e ,  t he  s e l e c t e d  method of  modulat ion 
r e p r e s e n t s  an  optimum s o l u t i o n  t o  t h e  AROD des ign  o b j e c t i v e s  
s u b j e c t  t o  t h e  s t a t e d  c o n s t r a i n t s .  N a t u r a l l y ,  a l a r g e  depar -  
t u r e  i n  o b j e c t i v e s  and/or  c o n s t r a i n t s  cou ld  a l t e r  t h i s  mate- 
r i a l l y .  With r ega rd  t o  t h e  d e t a i l e d  method of  modula t ion ,  t h i s  
was done by phase modulat ing a CW s i g n a l  5 ~ / 1 6  r a d i a n s .  Th i s  ' 
s i g n a l  was t h e n  m u l t i p l i e d  by e i g h t  t o  t h e  f i n a l  o u t p u t  f requency .  

T h i s  n e c e s s i t a t e s  a very wideband m u l t i p l i e r  which causes  ga in  
bandwidth problems and e r e c t s  undes i r ed  s i g n a l s  i n  t h e  f i n a l  o u t -  
p u t .  Th i s  appeared  t o  be  t h e  o n l y  p r a c t i c a l  method a t  t h e  t ime of 
d e s i g n .  However, two o t h e r  methods should  be cons idered .  One, 
m u l t i p l i c a t i o n  by an  odd i n t e g e r  o f  a ba lanced  modulated s i g n a l .  
Th i s  r e q u i r e s  on ly  c a r r i e r  modulation. The bandwidth need no t  be 
a s  wide i n  t h e  m u l t i p l i e r  and probably  t h e  s i d e  tone  g e n e r a t i o n  
would be l e s s .  Second, d i r e c t  ba lanced  modulat ion a t  t h e  f i n a l  
c a r r i e r  should  be cons ide red .  The swi tch ing- t ime v s  power 
t r a d e o f f  a t  S-band was undes i r ab le  s e v e r a l  y e a r s  ago. New com- 
ponents  and new techniques  make t h i s  worth r econs ide r ing .  

2 . 2 . 2  S i g n a l  P rocess ing  o r  Demodulation 

The d e t a i l s  o f  t h e  modulat ion and demodulat ion could  be  v a r i e d .  
Some of t h e  problems observed might be r e l i e v e d  by d e t a i l e d  r e -  
a r rangement .  The b a s i c  modulation method i s  shown i n  F igure  2 - 1 .  

an  equipment compromise. With no t ime s h a r i n g ,  two s e p a r a t e  
i n t e r m e d i a t e  f requency  channels  a r e  r e q u i r e d .  These need t o  t r a c k  
i n  g a i n  and phase ove r  a 70  db dynamic range .  For long  term 
s t a b i l i t y  ove r  s e v e r a l  y e a r s  of una t tended  o p e r a t i o n ,  t h i s  i s  ve ry  
d i f f i c u l t ;  b u t  by u s i n g  one common channe l ,  t h i s  problem was 
g r e a t l y  a l l e v i a t e d .  There i s  no reason  t o  b e l i e v e  t h a t  t h i s  i s  
n o t  a j u s t i f i a b l e  compromise. 

The t ime s h a r i n g  i n t e r v a l s  f o r  c a r r i c r  and range  t r a c k i n g  were 
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where 
10 -6 

TI{ = - seconds 
6.4 

6 = 6 . 4  x 10 Hz 1 TL = 511 x T H ,  FL 5 - TL ' Fl-! = 

@ = modulo two a d d i t i o n  
During a c q u i s i t i o n  (V1 - VZ) 11-code i s  removed. 

blodulation i s  a p p l i e d  by modulo-two adding FL and Data t o  every 

A ONE is 1 0  and a 8 t h  L code i n t e r v a l  (2TL) s t a r t i n g  with b i t  L 2 .  

ZERO is s e n t  a s  01. 

F igure  2 - 1 .  Transmi t ted  S i g n a l  i n  F u l l  Track (V4) 

T h e  demodulator o p e r a t e s  such t h a t  t h e  e r r o r  s i g n a l s  a re  func- 
t i o n s  o f  amplitude and on ly  t o  a second o r d e r  a r e  €unc t ions  of t h e  
in t e rmed ia t e  frequency phase.  Th i s  means t h a t  a s i g n i f i c a n t  phase  
v a r i a t i o n  can b e  t o l c ra t ec l  wi thout  caus ing  a s i g n i f i c a n t  t r a c k i n g  
e r r o r .  Another way o f  c x p r e s s i n g  t h i s  i s  t h a t  t h e  e r r o r  p o i n t  i s  
t r a n s f e r r e d  t o  t h e  f i r s t  demodulator ,  arid subsequent  f i l t e r  phase-  
s h i f t s  and gain f l u c t u a t i o n s  on1.y a f f e c t  t h e  t r a c k i n g  loop  g a i n s .  
They do n o t ,  t o  a f i r s t  o r d e r ,  n f f e c t  t h e  e r r o r  i t s e l f  ! iy  caus ing  
a t r a c k i n g  b i a s .  

During t h e  a c q u i s i t i o n  mode, o n l y  t h e  L code i s  t r a n s m i t t e d  from 
ground t o  v e h i c l e  on a "Reversed C a r r i e r  Doppler" such t h a t  t h e  re -  
ce ived  c a r r i e r  has e s s e n t i a l l y  ze ro  frequency e r r o r .  The c a r r i e r  
loop vco i s  clamped by t h e  Frequency P rese t  c i r c u i t s  t o  c e n t e r  
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f requency ,  The r e c e i v e r  r e f e r e n c e  code i s  L @ FLo 
codes a r e  no t  a l i g n e d ,  t h e  s i g n a l  i n  t h e  i - f  a m p l i f i e r  i s  similar 
t o  L 8 FL which has  components about every  50 cps .  
a s  t h e  codes come i n t o  al ignment ,  t h e  s i g n a l  t u r n s  i n t o  F a 
squa re  wave a t  t h e  L-code clock frequency.  Th i s  squa re  wave i s  
m u l t i p l i e d  by a squa re  wave a t  t h e  c a r r i e r  "phase d e t e c t o r " .  The 
p r i n c i p l e  of t h i s  p rocess  i s  shown i n  F igure  2 - 2 .  

When t h e  

I n  p r i n c i p l e  

L '  

F igu re  2 - 2 .  S i m p l i f i e d  Demodulator 

When t h e  codes L t  and Lr a r e  no t  i n  phase ,  t h e  r e s u l t  i s  a s ign  
n a l  s imi la r  t o  a pseudo-noise  s i g n a l .  The cohe ren t  agc i s  no t  
o p e r a t i v e .  Consequently,  t h e  s i g n a l  l e v e l  i s  h igh .  This  causes  
t h e  c a r r i e r  loop bandwidth t o  i n c r e a s e .  The r e s u l t  i s  t h a t  a s i g -  
n i f i c a n t  p o r t i o n  o f  t h e  modulation i s  t r a c k e d  by t h e  c a r r i e r  loop.  
This  i n  t u r n  causes  a h igh  l e v e l  of  s i g n a l  o u t  o f  t h e  synchroniza-  
t i o n  d e t e c t o r  (AL d e t e c t o r ) ,  and t h e  margin between f a l s e  synchroni-  
z a t i o n  and proper  synchron iza t ion  i s  consequent ly  reduced.  A non- 
c o h e r e n t  agc he lped  t h i s  problem b u t  d i d  not  completely c u r e  i t .  
The b e s t  cu re  may be t h e  a d d i t i o n  of  a noncoherent a c q u i s i t i o n  
s e n s o r ,  w i t h  a cor responding  i n c r e a s e  i n  code s e a r c h  r a t e .  This  
w i l l  have t h e  s i d e  b e n e f i t  of s h o r t e n i n g  t h e  i n i t i a l  a c q u i s i t i o n  
c y c l e .  The c a r r i e r  loop  would be opened f o r  t h e  s e a r c h  w i t h  t h i s  
mechaniza t ion  t o  p r o h i b i t  c a r r i e r  t r a c k i n g  o f  t h e  modulation 
components. 

2 . 2 . 3  Freauencv Svn thes i s  
- 

A fundamental  f a c t o r  i n  the  AROD concept i s  t h e  d e r i v a t i o n  of * 

d a t a  r a t e s  from a common frequency source .  This  poses  a formidable  
problem i n  frequency s y n t h e s i s  when t h e  d e s i r a b i l i t y  o f  t r a n s m i t t e d  
f r equency  a g i l i t y  i s  recognized.  The b e n e f i t s  t o  be gained by t h e  

all car r ie r  frequexcies, cede r a t e s ,  measurement  intervals; and 
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t h e  use of  t h i s  common source  a r e ,  however, s i g n i f i c a n t  i n  both  
t h e  performance and i n  t h e  long term s t a b i l i t y  of  t h e  system. I t  
has made p r a c t i c a l  ve l -oc i ty -a id ing  from vhf t o  S-band a s  w e l l  a s  
from S-band t o  t h e  code r a t e .  I t  has a l s o  comple+,ely e l imina ted  
b i a s  e r r o r s  from t h e  v e l o c i t y  measurement because both  t h e  f r e -  
quency t o  be counted and t h e  time i n t e r v a l  over  which i t  is counted 
a r e  d e r i v e d  froin t h e  common source .  The frequency p r e s e t  t e c h -  
n ique  used i n  t h e  v e h i c l e  r e c e i v e r s  would no t  lie a v a i l a b l e  wi th-  
ou t  t h e  common source .  The problems involved i n  the  u s e  o f  t h e  
common frequency source  l i e  a lmos t  e n t i r e l y  i n  t h e  d e r i v a t i o n  of 
t h e  S-band s i g n a l s .  Considerable  d i f f i c u l t y  was exper ienced  i n  
a t t a i n i n g  frequency a g i l i t y  toge the r  w i th  s p e c t r a l  p u r i t y .  

I n i t i a l l y ,  an i n d i r e c t  frequency s y n t h e s i s  was used f o r  t h e  
S-band s i g n a l s .  This  s y n t h e s i s  uses  a phase- locked  loop w i t h  the  
o s c i l l a t o r  ou tput  d i v i d e d  by a programmed nuinber and then  phase 
locked t o  a subharmonic o f  t h e  master o s c i l l a t o r  f requency.  The - 
f a l l a c y  of t h i s  approach i s  t h a t  the e f f e c t i v e  syn thes i zed  f r e -  
quency i s  a t  t h e  subharmonic ~ s h i c h  i s  locked t o  t h e  o u t p u t .  Con- 
t r o l  o f  phase j i t t e r  became very d i f f i c u l t  as  t h e  f i n a l  ou tpu t  
s i g n a l  inc luded  a m u l t i p l i c a t i o n  of about 3 5 0 , 0 0 0  from tlie syn- 
t h e s i z e d  source .  The phase j i t t e r  i n  t u r n  caused a h igh  v a r i a n c e  
of  t h e  e x t r a c t e d  v e l o c i t y  readings .  

Replacement o f  t h e  i n d i r e c t  s y n t h e s i s  by a d i r e c t  s y n t h e s i s  
has r e s u l t e d  i n  g r e a t l y  a l l e v i a t i n g  t h i s  problem wi th  ve ry  l i t t l e  
i n c r e a s e  i n  hardware. The. concept o f  a s i n g l e  s t a n d a r d  frequency 
source ,  t h e r e f o r e ,  has proven t o  have f a r  more advantages than  
d i sadvan tages  and should be r e t a i n e d  f o r  t h i s  c l a s s  of  equipment. 

2 . 2 . 4  Ranne E x t r a c t i o n  

The AROD Range E x t r a c t i o n  i s  a two-s tep  p rocess  o f  c o a r s e  and 
f i n e  measurement. The technique of he te rodyning  tlie code c lock  

,? t o  a lower f requency has  achieved t h e  d e s i r e d  r e s o l u t i o n  and tlie 
t echn ique  f o r  removing ambiguous readings  between t h e  coa r se  and 
f i n e  r e g i s t e r s  has been 1argel.y s u c c e s s f u l .  There a r e  a few range 
phases  which g ive  erroneous ou tpu t s  of tlie o r d e r  of one 11-code . 
b i t ,  These have been t r a c e d  t o  improper phas ing  due t o  l o g i c  
e lement  de l ay  i n  some s i g n a l  p a t h s .  ‘Hie s i g n a l  de l ay  p a t h s  i n  
t h i s  system a r e  c r i t i c a l  pncl care must be e x e r c i s e d .  The range 
anomalies  can lie removed by p l ac ing  t h e  mixers  which heterodyne 
t h e  range  code c locks  e l e c t r i c a l l y  c l o s e r  t o  t h e  rccloclcing 
c i r c u i t r y .  ‘I’his may r e q u i r e  t h a t  t he  r e c l o c k i n g  c i r c u i t r y  be 
l o c a t e d  i n  the  range e x t r a c t i o n  u n i t  o r ,  convc r sc ly ,  t h a t  t h e  
mixers  be l o c a t e d  i n  t h e  code c o n t r o l  u n i t s .  

1 

0 

I n  + L A  ,.-- L .LA--. L 1 . n  --- -- .-.----.-------&- 
L l l c  p i c s c ; I l L  b y >  L ~ J I I ,  L I ~ C  1L111g:c  i i icasui C I I I ~ I I L ~  a r e  made s i i i i i i i -  

t a n e o u s l y  i n  a l l  channe l s ,  al though some equipment s av ing  i s  pos- 
s i b l e  w i t h  s e q u e n t i a l  range measurement. P r e s e r v a t i o n  of  t h i s  
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feature w i l l  be h e a v i l y  weighted by t h e  c h a r a c t e r i s t i c s  o f  t h e  
p rocesso r  which conve r t s  t h e  range measurements t o  p o s i t i o n  
informat ion .  

2 . 2 . 5  Yc loc i ty  E x t r a c t i o n  

The v e l o c i t y  measurement i s  made by count ing  t h e  c y c l e s  o f  t h e  
e i g h t h  Iiarmonic of t h e  S-band c a r r i e r  f requency Doppler f o r  a 
time oC t e n  L-code p e r i o d s  o r  apyroximately 0.203 sccond. The 
Dopplcr f requency t o  be counted i s  superimposed on a h i a s  f r e -  
quency of  3 . 2  PIIIIz s o  t h a t  t h e  frequency counted w i l l  always ex- 
ceed 1 . S  MIz.  The v e l o c i t y  d a t a  i s  f u r t h e r  m u l t i p l i e d  by two i n  
t h e  v e l o c i t y  e x t r a c t i o n  u n i t  by comparing t h e  phase of t h e  Doppler 
s i g n a ?  a t  t h e  beginning and a t  t h e  end of t h e  measurement p e r i o d .  

The p r e s e n t  model c o n t a i n s  des ign  e r r o r s  which i n s e r t  a b i a s  
i n  t h e  v e l o c i t y  d a t a .  A design which c o r r e c t s  t h e s e  d e f i c i e n c i e s .  
has  been breadboarded. The technique i s  s a t i s f a c t o r y  and t h e  
fundamental  accuracy of t h e  v e l o c i t y  measurement has  been proven 
t o  be adequate  f o r  most of t h e  a p p l i c a t i o n s  s t u d i e d .  

2.2.6 S t a t i o n  Cont ro l  

The vhf c o n t r o l  l i n k  i s  used by t h e  v e h i c l e  a s  an a i d  i n  t h e  
a c q u i s i t i o n  and r e l e a s e  of  t ransponders .  This  l i n k  c o n t a i n s  t h e  
v e h i c l e  system c o n t r o l  l o g i c ,  vhf d a t a  m o d u l a t o r / t r a n s m i t t e r ,  t h e  
t r ansponder  vhf s t a t i o n  c o n t r o l  r e c e i v e r / d a t a  demodulator,  and 
t h e  s t a t i o n  c o n t r o l  l o g i c .  The  b a s i c  f u n c t i o n  and o p e r a t i o n  o f  
t h e s c  u n i t s  i s  desc r ibed  i n  t!ic lll:OD System 13escr ipt ion Rcnort .  

t h e  c o n t r o l  d a t a  f u n c t i o n s ,  and t h e  t r a n s m i s s i o n  o f  tlie d a t a .  
This  l i n k  can b e  d iv ided  in to  two p a r t s :  the g e n e r a t i o n  of 

The modulation/demodulation t echn iques  were completely s a t i s -  
f a c t o r y  and no changes a r e  recommended. The low-pass f i l t e r  used 
t o  a t t e n u a t e  h ighe r  o r d e r  harmonics o f  t h e  18.75-kHz s u b c a r r i e r  
was improperly s p e c i f i e d  i n  the t e s t  model; however, tlie p rope r  
f i l t e r  c h a r a c t e r i s t i c  p r e s e n t s  no des ign  problem. 

The c o n t r o l  l o g i c  was determined by t h e  s t a t i o n  handl ing  
phi losophy and t h e  a c q u i s i t i o n  s t e p s  r e q u i r e d  by t h e  S-band t r a c k -  
i n g  system. The s t a t i o n  handl ing phi losophy i s  detcrmiiiecl from 
t h e  c l a s s  of  miss ion ,  t h e  number of  s t a t i o n s  t o  bc used ,  c t c .  
T h i s  ph i losphy i s  desc r ibed  i n  t h e  M O D  Systcni n c s c r i n t i o n  Q e n o r t  
and t h e  equipment p e r f o m c d  t!ie f u n c t i o n  w e l l .  No chnngcs a r c  
recommended Tor t h i s  mission p r o f i l e .  

1' 

Some problems were cncountcrcd wi th  t h e  a c q u i s i t i o n /  
r e a c q u i s i t i o n  l o g i c  and slioulc! bc  c o r r c c t c d  in  r u t u r c  cquipmcnts. 
The major problem was duc t o  :! coi!iplcte dcpcn~lencc 011 tlic t r a n s -  
m i t t e r  and r e c e i v e r  code s t a t e s  i n  t h c  t ranspondcr .  Thc n c q u i s i -  
t i o n  s t a t e s  a r e  d e s c r i b e d  i n  the  AR011 System D e s c r i p t i o n  12c!iort. 
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F o r  example, tlie t ransFonder  r e c e i v e r  code c o n t r o l  goes t o  t h e  
" r e s e t "  p o s i t i o n ,  T-0,  when t h c  t ranspondcr  i s  i n s t r u c t e d  t o  go 
t o  T - 0 .  This  was clone t o  nrovide  a r e s e t  p u l s e  t o  t h e  r e c e i v e r  
coder  i n  case  t h e  coder  s t a r t e d  a t  an undefined s t a t e .  During 
t h e  t e s t  prograin, t h i s  confi .gurat ion complicated t h e  a c q u i s i t i o n /  
r e a c q u i s i t i o n  cyc le  by f o r c i n g  t h e  t ransponder  r e c e i v e r  t o  r e -  
l e a s e  and r eacqu i re  n e e d l e s s l y .  This  can be e l imina ted  by d e f i n -  
i ng  s e p a r a t e  a c q u i s i t i o n  s t a t e s  €or  t h e  Transponder T r a n s m i t t e r  
and Transponder Tracking Receiver  a s  shoivn i n  F igure  2 - 3 .  F i r s t ,  
cons ide r  t h e  r e c e i v e r  code c o n t r o l .  A f t e r  i n i t i a l  power turnon 
by t h e  STANDBY s i g n a l ,  tlie r e c e i v e r  code c o n t r o l  i s  s e t  t o  t h e  T R - 0  
s t a t e  and t h e  t r a n s m i t t e r  code c o n t r o l  i s  s e t  t o  t h e  T T - 0  s t a t e .  
The r e c e i v e r  will then  proceed through t h e  a c q u i s i t i o n  s t e p s  t o  
t h e  H-code lock mode, T - 2 .  The r e a c q u i s i t i o n  l o g i c  f o r  S-band 
r ece ived  s i g n a l  dropout wi11. be i d e n t i c a l  t o  t h e  p r e s e n t  l o g i c ,  
a s  t h e  t r a n s m i t t e r  code c o n t r o l  wil.1 s t a r t  i n  s t a t e  TT-0. Upon 
r e c e i p t  of  the  ON i n s t r u c t i o n ,  t h e  t r a n s m i t t e r  w i l l  respond w i t h  - 
L-code, i f  the r e c e i v e r  i s  no t  i n  s t a t e  T l i - 0 .  The TRACK i n s t r u c -  
t i o n  w i l l  i n i . t i a t e  t h e  Doppler sweep and a t  t h e  complet ion o f  t h e  
sweep, H-code is  a p p l i e d  and t h e  a c q u i s i t i o n  c y c l e  a t  t h e  t r a n s -  
ponder is complete. I f  tlie v e h i c l e  d e s i r e s  t o  r e a c q u i r e ,  t h e  
RETURN-TO-STANDBY s i g n a l  i s  used t o  r c s e t  t h e  t r a n s m i t t e r  code 
c o n t r o l  t o  s t a t e  TT-0 and t o  r e s e t  t h e  TRACK and ON r e g i s t e r s .  
The t ransponder  r e a c q u i r e s  i n  t h e  normal programmed manner. I f  
t h e  Transponder Tracking Receiver  l o s e s  b o t h  1,- and M-code l o c k  
and r e t u r n s  t o  s t a t e  T R - 0 ,  t h e  t r a n s m i t t e r  i.s r e t u r n e d  t o  s t a t e  
TT-0 and t h e  v e h i c l e  will then  r e a c q u i r e .  
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I SECTION I11 

I 3 ,  EXTENSION OF SYSTEM CONCEPTS 

The System Concepts d i scussed  i n  S e c t i o n  2 o f  t h i s  r e p o r t  formed 
t h e  b a s i s  of t h e  AROD T e s t  Model Hardware des ign .  
lowing paragraphs ,  s e v e r a l  p o t e n t i a l  mod i f i ca t ions  o f  t h e  concepts  
a r e  explored .  These would r e su l t  i n  a c c e n t u a t i o n  of  some of  t h e  
system c h a r a c t e r i s t i c s ,  u s u a l l y  w i t h  t h e  s a c r i f i c e  o f  o t h e r s .  In  
some of  t h e  c a s e s ,  unused c a p a b i l i t y  of  t h e  p r e s e n t  system cou ld  
be used f o r  a d d i t i o n a l  f l e x i b i l i t y ,  and i n  o t h e r s  redundant  capa- 
b i l i t y  may be e l imina ted  w i t h  a consequent r e d u c t i o n  o f  power and 
weight  requi rements .  

I n  t h e  f o l -  

> .  

3 . 1  EXTENSION OF RANGE CAPABILITY 

With a view ' towards i n c r e a s i n g  t h e  f l e x i b i l i t y  of  t h e  AROD sys-  
tem t o  adapt  t o  a wide v a r i e t y  of  u s e s ,  some thought  has  been 
g iven  t o  t h e  p o s s i b i l i t y  of i n c r e a s i n g  t h e  range c a p a b i l i t y  beyond 
i t s  p r e s e n t  nominal 1 6 , 0 0 0  km. 

There are two b a s i c  approaches t o  t h i s  problem. 
p r e s e r v e s  t h e  same des ign  o b j e c t i v e s  a s  a r e  used i n  t h e  p r e s e n t  
system c o n f i g u r a t i o n ,  and o b t a i n s  a g r e a t e r  range c a p a b i l i t y  by a 
j u d i c i o u s  m o d i f i c a t i o n  of the p r e s e n t  modulation and demodulation 
t echn iques .  This  approach could p o s s i b l y  ex tend  range t o  some 
e x t e n t ,  b u t  w i thou t  an inc rease  i n  e f f e c t i v e  r a d i a t e d  power one 
might hope f o r  on ly  a 3 t o  6 db i n c r e a s e  i n  s e n s i t i v i t y  o r  lower- 
i n g  of t h e  t h r e s h o l d .  

The f i r s t ,  

Second, i f  a rea l  requirement e x i s t e d  f o r  cons ide rab ly  i n c r e a s e d  
range ,  f o r  example,$ t o  1,000,000 km, b a s i c  changes i n  c o n f i g u r a t i o n  
would be r e q u i r e d  and t r a d e o f f s  w i t h  some of  t h e  o t h e r  requi rements  
would be necessa ry .  

Th i s  s e c t i o n  c o n s t i t u t e s  a s h o r t  review o f  t h e  des ign  c o n s i d e r a -  
t i o n s  and implementation methods t h a t  c o n s t i t u t e  t h e  p r e s e n t  AROD 
system. Although a d e t a i l e d  mathematical  a n a l y s i s  i n c o r p o r a t i n g  
t h e  measured performance of the p r e s e n t  equipment was contemplated,  
i t  now appears  on review of  b a s i c  p r i n c i p l e s  t h a t  t h i s  i s  unneces- 
s a r y  and t h a t  indeed maximum system range performance i s  be ing  
achieved .  
f u t u r e  equipment b u i l t  t o  t h e  p r e s e n t  o b j e c t i v e s  but  t h e s e  w i l l  
n o t  r e s u l t  i n  s i g n i f i c a n t  range e x t e n s i o n .  
h i g h l y  d e s i r a b l e  f o r  reasons  of improved r e l i a b i l i t y ,  e t c . ,  b u t  
a r e  n o t  warran ted  f o r  range ex tens ion  r easons .  

There may be some i n t e r e s t  i n  making minor changes i n  

They may very  we l l  be 
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3 e 1 e 1 C o n s t r a i n t s  

Before e v a l u a t i n g  t h e  p r e s e n t  systeni performance, i t  i s  we11 
t o  review t h e  fuiidarnental g o a l s  o f  t h e  p r e s e n t  des ign .  The AROD 
system is  designed t o  s imul taneous ly  i n t e r r o g a t e  up t o  f o u r  un- 
manned, automat; c grouiicl t ransponder  s t a t i o n s  and from t h e s e  i n t e r -  
r o g a t i o n s  t o  der ive  f011r simultancous mcasures o f  range and range 
r a t e .  

The t ime from i n i t i a l  i n t e r r o g a t i o n  t o  f u l l  t r a c k  was t o  be two 
seconds.  
an accuracy o f  0 . 5  wieter rms over  t h e  1.i.fe expectancy o f  two y e a r s  
of  t h e  v e h i c l e  o r  s a . t e l l i t c - b o r n e  eqi.iipmen~t. A minimum range 
ambiguity of 2000 km was d e s i r e d  w i t h  a system s i g n a l  dynamic 
range of 7 0  db. Range r a t e '  r e s o l u t i o r l  and accuracy o f  0 . 0 1 5  m / s  
was d e s i r e d  with r a t e s  up t o  1 2 , 0 0 0  m/s. O r b i t s  a s  ?ow a s  50  lm 
should be hanclled which l e d  t o  a c c e l e r a t i o n s  as h igh  as  4.50 m / s 2 ,  - 
A d a t a  r a t e  of f o u r  sim~il . tancous i n t e r r o g a t i o n s  p e r  second was 
d e s i r e d .  A maximum p r o t e c t i o n  a g a i n s t  mul t ipa t l i  and s i g n a l  drop- 
ou t  was d e s i r e d .  

A 10-wat t  , 2200-h I l l z  c a r r i e r  and 1 2 - M I l z  bandwidth &as a l l o c a t e d  
f o r  t h e  s a t e l l i t e  t o  growid l i n k  w i t h  a 20-15, 1.800 FiIIz c a r r i e r  and 
20-Mllz bandwidth l i n k  from ground t o  s a t e l l i t e .  In  a d d i t i o n ,  a 
c o n t r o l  l i n k  from s a t e l 1 i t . e  t .o ground a t  6 watts and 13s NIIz w i t h  
a 500-kHz bandwidth was a l l o c a t e d .  A 6 . 5  db n o i s e  f i g u r e  f o r  t l ie 
r e c e i v e r s  was s p e c i f i e d .  'Tlicre a r e  a number of o t h e r  s t r i n g e n t  
requirements  such a s  s i z e ,  weight ,  power, e t c .  which s t r o n g l y  
i n f l u e n c e  t h e  d e t a i l .  c i r c u i t  des ign  and packaging concepts  b u t  
which do n o t  di . rec . t ly  inf:l.uence the  b a s i c  system performance.  

The system range r e s o l u t i o n  was t o  be 0 . 2 5  meter w i t h  

I 

These o b j e c t i v e s ,  t h e  t h e o : r e t i c a l  performance,  and measured 

The s i g n i f i c a n c e  o f  t h e s e  v a r i o u s  f a c t o r s  on t h e  a b i l i t y  o f  t h e  

performance are  sunimarized i n  Table  111-1.. 

system t o  ope ra t e  a t  l o n g e r  r a c g e s  must be c l e a r l y  unders tood .  
Given tlie r a d i a t e d  powers and a ground S-band antenna g a i n  o f  1 6  
db (a  p r o j e c t e d  cstirrinte o f  g;-iin o f  some antennas  under des ign  ~ 

e lsewhere j  and inc iden ta l .  p a t h  l o s s  o f  8 d b ,  a p r o j e c t e d  maximum 
range capabi.I..ity o f  1 6 , 0 0 0  k i n  i s  o b t a i n e d .  Th i s  occurs  a t  a s i g -  
nal. l e v e l  o f  -1 .27  dbm. ( S e e  t h e  AROD System D e s c r i p t i o n ,  S e c t i o n  
V .  ) T!ie thrcsho.Lds ori.gii);ll .:~y p r e d i c t e d  For bo th  S-hand l i n k s  
and t h c  vhf l i n k  a l l  occur red  ; i t  t h i s  sanie r a n g e .  

Altliough tl iere i s  3 J h  l e s s  powcr i n  t h e  clown-link, S-band'  
system, the  no i se  Cigurc i s  lower w i t h  ;i s p e c i f i e d  paramp. 

What cons t i  t u t e s  t l i rcshold?  A pl i i losophy was adopted a t  t h e  
o u t s e t  t h a t  the Rl<OII system t l i r e s l ~ o l d  was rcrrclied whcncver of 
t hc  f o l l o w i n g  fa i  l e d :  

3 -  2 
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I 

1. The system could  n o t  acqu i r c  L-code, 

2 .  The system could  no t  acqu i r e  II-code. 

3 .  The system d a t a  e r r o r  r a t e  necessa ry  f o r  system c o n t r o l ,  
a c q u i s i t i o n ,  o r  de te rmina t ion  of  system measurement p e r -  
formance became excess ive .  

4 .  The system could  no t  t r a c k  range  i n  L-code. 

5 .  The system could  no t  t r a c k  range  i n  H-code. 

6. Carrier t r a c k  could  not  be  accomplished i n  L-code. 

7 .  C a r r i e r  t r ack  f a i l e d  i n  I-I-code. 

8 .  Range accuracy  was l o s t .  
J 

9 .  V e l o c i t y  accuracy  was l o s t .  

1 0 .  VHF c o n t r o l  could  n o t  be accomplished. 

The premise is t h a t  a s  a complete system i t  i s  unable  t o  p e r -  
form i t s  job  s a t i s f a c t o r i l y  whenever i t  f a i l e d  t o  perform any of 
t h e s e  f u n c t i o n s .  Qui te  obvious ly  an  i n a b i l i t y  t o  t r a c k  e i t h e r  
modulat ion o r  c a r r i e r  c o n s t i t u t e s  a complete  f a i l u r e .  

I t  d i d  no t  appear  t h a t  over  t h e  ranges  involved  i t  was l i k e l y  
a c i rcumstance  would a r i s e  where t h e  system could  a c q u i r e  a t  one 
range  and be r e q u i r e d  t o  t r a c k  t o  a s i g n i f i c a n t l y  g r e a t e r  range.  
Hence t h e  a b i l i t y  t o  a c q u i r e  L code was a s  impor tan t  as t h e  a b i l -  
i t y  t o  t r a c k .  

Only when t h e  I-i code i s  acqui red  can t h e  system o b t a i n  h igh ly  
a c c u r a t e  range  t r a c k i n g ,  a l though f u l l  accuracy  may be ob ta ined  
i n  t h e  Doppler measurement. I t  was dec ided  t h a t  f o r  o r b i t a l  
problems,  such as could  p r o f i t a b l y  use  t h e  AROD sys tem,  range  was 
e q u a l l y  as  impor tan t  as Doppler. Ilence, t h e  system must acqu i r e  
11 code. 

Accuracy of range and Doppler t r a c k i n g  should  be r casonab le  a t  
t h r e s h o l d .  What t o  c a l l  ranging  and v e l o c i t y  t h r e s h o l d  i s  a sub-  
j e c t i v e  m a t t e r .  I n  f a c t ,  t h e  d e s i g n  p r e d i c t s  a ranging  accuracy  
o f  t h e  o r d e r  of 1 t o  2 meters  and a v e l o c i t y  accuracy  of  t h e  o r d e r  
o f  0 . 0 5  m / s  a t  t h r e s h o l d .  

I n  o r d e r  t o  achieve  r a p i d  a c q u i s i t i o n ,  a coope ra t ive  acqu i -  
s i t i o n  technique  was necessary .  T h i s  i s  accomplished by t h e  
ground s t a t i o n  r eve r s i i i g  tlie Doppler s h i f t  du r ing  a c q u i s i t i o n .  
Once acqu i red  by t h e  v e h i c l e  system, a command i s  s e n t  t o  t h e  
ground t o  go t o  normal Doppler o p e r a t i o n .  When tlie t r a n s l a t i o n  
i s  comple ted ,  t h e  ground t ransponder  t e l l s  t h e  vc l i i c l e  t o  go t o  
f u l l  t r a c k .  These commands r c q u i r c  d a t a  t r ansmiss ion  ove r  t h e  

. 3 - 5  



S-band l i n k .  
r a t e  o f  50 b i t s / s e c .  i s  used ,  One-eighth of  t h e  t o t a l  s i g n a l  
energy i s  used f o r  t h i s  purpose .  
a t  - 1 2 7  dbm. A s lower  d p t a  r a t e  would i n c r e a s e  t h e  a c q u i s i t i o n  
time i n  p ropor t ion  t o  t h e  dec rease  i n  r a t e .  
could  b e  used bu t  t h i s  degrades  t h e  a c q u i s i t i o n  t h r e s h o l d s  f o r  
synch d e t e c t i o n .  
t o  t h e  conclus ion  t h a t  t h e  code s e l e c t i o n  and d i s t r i b u t i o n  o f  
energy i s  n e a r l y  optimum f o r  t h e  o b j e c t i v e s .  

t o  e x p l o i t  the L-code p e r i o d s  i n  I1 t r a c k  f o r  d a t a  t r ansmiss ion  
o t h e r  t han  commands. 

A command r e q u i r e s  from 0 . 3  t o  0 . 4  second when a d a t a  

The d a t a  l i n k  t h r e s h o l d  occur s  

More energy i n  d a t a  

S ince  t h i s  t h r e s h o l d  is  a t  - 1 2 7  dbm, one i s  l e d  

Perhaps the m o s t  s i g n i f i c a n t  t h i n g  t h a t  could  be done would be 

3.1.2 Conclusions 

modulat ion and demodulat ion technique  i s  e s s e n t i a l l y  optimum f o r  
t h e  g iven  s e t  o f  system o b j e c t i v e s .  

This  conclus ion  l e a d s  n a t u r a l l y  t o  t h e  q u e s t i o n  of  what would 
one do t o  s i g n i f i c a n t l y  i n c r e a s e  range  and what must be  g iven  up. 
Qui te  obvious ly  t h e  system t h r e s h o l d  i s  - 1 2 7  dbm, The re fo re ,  one 
could  reduce  t h i s  by reducing  sys tem n o i s e  f i g u r e .  Unfo r tuna te ly  
l a r g e  improvements cannot  be made i n  t h i s  area,  p a r t i c u l a r l y  s i n c e  
t h e  ground system r e q u i r e s  a paramp t o  match t h e  v e h i c l e  perform- 
ance because of  t h e  3 db l e s s  t r a n s m i t t e d  power and 2 db i n c r e a s e d  
p a t h  l o s s .  Obviously,  one can  i n c r e a s e  t h e  o u t p u t  of  t h e  power 
a m p l i f i e r s .  Outs ide  of  a review o f  t h e  d i p l e x e r s ,  f u r t h e r  r e d e s i g n  
would no t  be  r e q u i r e d ,  Inc reased  S-band an tenna  ga in  could  be  
used i n s t e a d ,  a t  t h e  t ransponder .  Th i s  must be matched by i n -  
c r eased  vhf power i n  t h e  v e h i c l e  s i n c e  t h e  vhf  an tenna  should  be 
h e m i s ph e r i c a 1 . 

range c a p a b i l i t y .  They a r e ,  however, expens ive  and y i e l d  o n l y  a 
moderate i n c r e a s e ,  perhaps  a p r a c t i c a l  l i m i t  o f  a f a c t o r  o f  t e n ,  
s i n c e  v e h i c l e  power i s  invo lved .  

The most s i g n i f i c a n t  conclus ion  t o  be drawn i s  t h a t  t h e  p r e s e n t  

These methods p r e s e r v e  t h e  p r e s e n t  o b j e c t i v e s  and ex tend  t h e  

One must,  t h e r e f o r e ,  a s k  i f  g r e a t e r  range  o b j e c t i v e s  a r e  con- 
s i s t e n t  wi th  high dynamics and r a p i d  a c q u i s i t i o n  times. 
ous ly  they  a re  not  and fur thermore  m u l t i p l e  s imul taneous  i n t e r -  
r o g a t i o n s  a r e  a l s o  i n c o n s i s t e n t .  Th i s  seems t o  be t r u e  because  
t h e  dynamics a r e  occas ioned  by geometry,  n o t  v e h i c l e ,  maneuvcr- 
a b i l i t y .  A l s o ,  t h e  long  range  case means t h a t  ear thbound s t a t i o n s  
have " shor t "  b a s e l i n e s  and,  consequen t ly ,  y i e l d  poor  p o s i t i o r l  
accuracy .  F i n a l l y  a s t a t i o n  can s e e  such  a v e h i c l e  f o r  l ong  
pe r iods  of time nega t ing  t h e  need f o r  r a p i d  a c q u i s i t i o n .  
charinel ope ra t ion  appears  t o  be a more l i k e l y  requi rement  f o r  
anyt l l ing beyond a synchronous o r b i t .  

Obvi- 

S i n g l e -  
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An upper  l i m i t  on range  f o r  a g iven  amount of power i s  e s t a b -  
l i s h e d  by t h e  nar rowes t  bandwidth one can  use  f o r  t h e  c a r r i e r  
because o f  o s c i l l a t o r  n o i s e .  A t  S-band, a p r a c t i c a l  l i m i t  i s  20 
cps .  The ranging  bandwidth can be  c u t  t o  about  t h e  same e x t e n t  
o r  t o  0 . 4  cps .  The d a t a  bandwidth must be  l e s s  t h a n  t h a t  of  t h e  
ca r r i e r  b u t  i t  need no t  be  g r e a t e r  t h a n  t h e  r a n g i n g  bandwidth.  
This  w i l l  y i e l d  a f a c t o r  of  about 1 3  db a t  most.  I n e v i t a b l y ,  
g r e a t e r  powers and h i g h e r  g a i n  an tennas  a r e  r e q u i r e d  on t h e  
ground. This  w i l l  n e c e s s i t a t e  h igh  g a i n  vhf  an tennas ,  i f  t h e  
vhf l i n k  i s  r e t a i n e d ,  a l though t h i s  i s  no l o n g e r  a n e c e s s i t y .  

For  long  ranges  one would l i k e  a range  ambigui ty  much l a r g e r  
t han  3000 km. I n  g e n e r a l ,  one would r e q u i r e  l e s s  range  accuracy ,  
s i n c e  t h e  speed of l i g h t  i s  not  known t o  t h e  accuracy  commensurate 
wi th  t h e  o b t a i n a b l e  equipment accuracy .  Hence, a lower r a t e  on 
t h e  code r s  i s  probable  wi th  a cons ide rab ly  l o n g e r  L code. The 
lower code r a t e  reduces  m u l t i p a t h  p r o t e c t i o n  b u t  t h i s  i s  p r o b a b l y -  
n o t  impor tan t  on long  range  t r a c k i n g  s t a t i o n s  which w i l l  t end  t o  
o p e r a t e  n e a r e r  t h e  z e n i t h .  Longer L codes mean s lower  a c q u i s i t i o n  
i n  d i r e c t  p r o p o r t i o n  t o  t h e i r  l e n g t h ,  Hence s lower  d a t a  r a t e s  can  
be t o l e r a t e d  and s t i l l  r e p r e s e n t  on ly  a f r a c t i o n a l  p a r t  of t h e  
a c q u i s  i t  i o n  time. 

These changes can be  done us ing  e x a c t l y  t h e  same p r i n c i p l e s  as 
b e f o r e ,  I n  a d d i t i o n  t h e  i - f  bandwidth can  be reduced a t  l e a s t  i n  
p r o p o r t i o n  t o  t h e  change i n  L-code c lock  f requency .  T h i s ,  i n  
t u r n ,  can be reduced  i n  p ropor t ion  t o  t h e  c a r r i e r  loop  bandwidth. 

why t h e  hardware concepts  employed and t h e  b a s i c  p r i n c i p l e s  o f  
modulat ion and demodulat ion cannot be p re se rved .  These have 
proven t o  work and work w e l l ,  IIowever, i n  a l l  l i k e l i h o o d  t h e  
b a s i c  sys tem o b j e c t i v e s  w i l l  be s u f f i c i e n t l y  changed t h a t  a con- 
s i d e r a b l e  a l t e r a t i o n  i n  d e t a i l  w i l l  be  d e s i r e d .  

8 
I 
1 
I 
I 
1 
N 
I 
8 
1 I n  a p p l i c a t i o n s  r e q u i r i n g  longe r  r anges ,  t h e r e  i s  no r eason  .c 

1' 

3 . 2  UTILIZATION OF TIIE VHF LINK 

The vhf l i n k  is  used  i n  t h e  p r e s e n t  AROD system t o  p rov ide  t h e  
E 

f o l l o w i n g  f u n c t i o n s :  

I 1. S-band an tenna  s t e e r i n g  

2 .  S-band f requency  p r e s e t  

3. S-band code p r e s e t  

4 .  C n f i t r n l  d a t z  transmi-ssion 

The vhf l i n k  has  a d d i t i o n a l  i n fo rma t ion  c a p a c i t y  and could  p e r -  
form o t h e r  f u n c t i o n s .  Por  example, t h e  ranges  and range  r a t e  d a t a  
accumulated by t h e  v e h i c l e  could be t e l e m e t e r e d  t o  a s e l e c t e d  
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ground s t a t i o n .  Th i s  r e q u i r e s  a d a t a  r a t e  of  approximate ly  1 2 0 0  
bps .  For some AROD a p p l i c a t i o n s ,  t h e  v e h i c l e  may compute t h e  
p o s i t i o n  of a mobile ground t e rmina l  and t r a n s m i t  p o s i t i o n a l  i n -  
format ion  t o  t h i s  t e r m i n a l .  A d a t a  r a t e  of  1 0 0 0  bps i s  more than  
adequate .  I t  is a l s o  p o s s i b l e  t o  t r a n s m i t  d a t a  no t  d i r e c t l y  
a s s o c i a t e d  w i t h  AROD.  Th i s  a u x i l i a r y  d a t a  could  be i n  e i t h e r  
ana log  o r  d i g i t a l  form. I n  t h e  fo l lowing  paragraphs ,  t h e  add i -  
t i o n a l  d a t a  c a p a b i l i t y  of  t h e  vhf l i n k  w i l l  be p r e s e n t e d  a long  
w i t h  t h e  c o n s t r a i n t s  imposed on t h i s  d a t a .  

1’ 3 . 2 . 1  Modulation C o n s t r a i n t s  

The rece ived  vhf c a r r i e r  a t  t h e  t r ansponder  s t a t i o n  has  a Dop- 
p l e r  u n c e r t a i n t y  of + G  kHz and a r e c e i v e r  vco u n c e r t a i n t y  o f  1.5 
kHz. S ince  the vhf  c a r r i e r  loop  bandwidth i s  1 0 0 0  I-Iz (BL)  d u r i n g  
a c q u i s i t i o n ,  t h e  lowes t  f requency  o f  s i g n i f i c a n t  modulat ion com- 
ponents  should be r e s t r i c t e d  t o  t h e  o r d e r  of  1 5  kHz s o  t h a t  t h e  
c a r r i e r  vco w i l l  no t  l o c k  t o  a modulat ion component. 
on t h e  h ighe r  f requency  terms i s  de termined  by t h e  out -of -band 
components genera ted  by t h e  modulat ion p r o c e s s ,  
modulat ion components must be 60  db down from t h e  unmodulated 
c a r r i e r  l e v e l .  I n  paragraph  3 . 2 . 2 ,  d i f f e r e n t  modulat ion t e c h -  
n iques  w i l l  be examined w i t h  a view t o  expanding t h e  vhf d a t a  
r a t e  s u b j e c t  t o  t h e s e  c o n s t r a i n t s .  

The c o n s t r a i n t  

All out -of -band 

3 . 2 . 2  Modulation Methods 

S ince  t h e  s e n s i t i v i t y  of t h e  vhf r e c e i v e r  i s  l i m i t e d  by t h e  
d a t a  t h r e s h o l d ,  any a d d i t i o n a l  modulat ion w i l l  r educe  t h e  s e n s i -  
t i v i t y  t o  some degree .  

D i g i t a l  modulat ion can be added t o  t h e  p r e s e n t  sys tem i n  sev -  
e r a l  ways. One d i r e c t  method i s  t o  combine a d d i t i o n a l  b i t s  i n t o  
t h e  p r e s e n t  PCM b i t  stream and i n c r e a s e  t h e  r a t e  p r o p o r t i o n a l l y .  
The p r e s e n t  modulation i s  a r e t u r n - t o - z e r o  modulat ion w i t h  a s i g -  
n a l l i n g  r a t e  of 800  b i t s  p e r  second ( b p s ) .  
quency i s  1 8 . 7 5  kllz and t h e  modulat ion spec t rum i s  con ta ined  i n  a 

by a l a c t o r  of  t h r e e  b e f o r e  t h e  modulat ion components f a l l  below 
1 5  k l lz .  T h i s  w i l l  p rov ide  an  a d d i t i o n a l  s i g n a l l i n g  r a t e  of  lG00 
bps w i t h  a reduced s e n s i t i v i t y  ( f o r  t h e  same e r r o r  r a t e )  of 4 . 7  
db 

The s u b c a r r i e r  f r e -  

T h i s  r a t e  can be i n c r e a s e d  , bandwidth of approximately 2 . 4  kllz. 

FO 
q u i r e  
SUPPO 

r h ighe r  d a t a  r a t e s ,  - a  h i g h e r  s u b c a r r i e r  f requency  i s  r e -  
d .  A s  an example,  a s u b c a r r i e r  f requency  o f  3 7 . 5  krIz can 
r t  a d a t a  r a t e  of  t h e  o r d e r  of  10 kIIz. The modulat ion index  

i s *  l i m i t e d  t o  0 . 4  r a d i a n  by t h e  ou t -o f -band  modulat ion r e q u i r e -  
ments.  This  compares w i t h  1 . 2  r a d i a n s  which i s  used  i n  t h e  p r e s -  
e n t  system. T h i s  means t h a t  t h i s  channel  s e n s i t i v i t y  w i l l  be 
reduced by 4 . 7  db over  t h e  r e d u c t i o n  due t o  d a t a  r a t e .  
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3 . 3  E L I M I N A T I O N  OF THE VHF LINK 

Under some o p e r a t i n g  c o n d i t i o n s ,  t h e  vhf  l i n k  can become t h e  
l i m i t i n g  f a c t o r  i n  system ope ra t ion .  A primary example of  t h i s  
would be o p e r a t i o n  i n  a h i g h l y  i o n i z e d  medium such as would be 
encountered nea r  a n u c l e a r  b l a s t .  The S-band s i g n a l s  would no t  
s u f f e r  t o  t h e  same degree ,  bu t  a c q u i s i t i o n  could n o t  be accomp- 
l i s h e d  u n t i l  t h e  vhf l i n k  were r e - e s t a b l i s h e d .  . 

To examine t h e  a c q u i s i t i o n  and o p e r a t i o n  o f  t h e  AROD System 
wi thou t  a vhf l i n k ,  i t  i s  necessary  t o  p rov ide  o t h e r  means of 
accomplishing t h e  vhf func t ions .  As p r e s e n t l y  implemented t h e  
vhf f u n c t i o n s  a r e :  

1. D i r e c t i o n  f i n d i n g  f o r  the  S-band an tenna .  

2 .  Frequency p r e s e t  f o r  the  S-band r e c e i v e r .  

3 .  Coarse code t iming  f o r  t h e  S-band r e c e i v e r .  

4 .  Standby a l e r t  s i g n a l s  f o r  a l l  s t a t i o n s  i n  range.  

5. On, O f f ,  and Track commands. 

O f  t h e s e ,  t h e  f u n c t i o n s  o f  i n i t i a l  an tenna  d i r e c t i o n ,  s tandby-  
a l e r t ,  and o f f  commands could  b e  accomplished by an o p e r a t o r  a t  
t h e  ground s t a t i o n  u s i n g  a p r i o r  knowledge of t h e  expec ted  o r b i t  
and t h e  approximate time der ived  from an e x t e r n a l  sou rce .  The 
f u n c t i o n s  of TRACK command and OFF commands could be done by 
a p p r o p r i a t e  modulation on t h e  S-band s i g n a l ,  b u t  t h e  problem o f  
coa r se -code  p r e s e t  and c a r r i e r - f r e q u e n c y  p r e s e t  a r e  no t  s o  e a s i l y  
accomplished. 

I f  o p e r a t i o n  i s  c o n s t r a i n e d  t o  t h e  same frequency range  as 
now implemented, t h e  downlink t r a c k i n g  s i g n a l  w i l l  be i n  t h e  f r e -  
quency band around 2200 MHz.  The frequency u n c e r t a i n t y  o f  t h e  c a r -  
r i e r  r e c e i v e d  a t  t h e  s t a t i o n  w i l l  be a s  much as  588 kHz f o r  v e h i c l e  
v e l o c i t i e s  up t o  t12000 mfsec. Allowing 5 m s  f o r  c a p t u r e  o f  t h e  
c a r r i e r ,  t h e r e  a r e  about 300 frequency c e l l s  t o  s e a r c h  w i t h  t h e  
p r e s e n t  r e c e i v e r  a c q u i s i t i o n  bandwidth of 565 H z .  These frequency 
c e l l s ,  t o g e t h e r  w i t h  t h e  1 2 7  c e l l s  of code t iming ,  wcqld r e s u l t  i n  
an a c q u i s i t i o n  t i m e  o f  about  760 seconds.  

Although i t  i s  recognized  t h a t  t h e  number o f  c e l l s  can be re -  
duced t o  some e x t e n t  w i t h  approximate knowledge o f  t h e  o r b i t ,  
such as approaching o r  receding ,  t h e  a d d i t i o n  of v e h i c l e  dynamics 
could  p r o h i b i t  a c q u i s i t i o n  under some c o n d i t i o n s .  This  can occur  
because t h e  c e l l  s e a r c h  p a t t e r n  and t h e  c e l l  t r a j e c t o r y  of t h e  
r e c e i v e d  s i g n a l  do no t  n e c e s s a r i l y  i n t e r c e p t  f o r  a l l  dynamic 
c o n d i t i o n s .  The p r e s e n t  search technique  w i l l  have t o  be supple-  
mented t o  ensu re  r e l i a b l e  a c q u i s i t i o n  i n  r easonab le  t i m e  spans .  
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3.3.1 Antenna D i r e c t i o n  

For most a p p l i c a t i o n s  a d i r e c t i v e  antenna w i l l  be r e q u i r e d  i n  
t h e  S-band l i n k  t o  provide  s i g n a l  power ga in  and a s  a r e l a t i v e l y  
s imple  method o f  d i s c r i m i n a t i n g  a g a i n s t  m u l t i p a t h  r e c e p t i o n s ,  As 
t h e  t r a c k i n g  r e c e i v e r  i n  t h e  t ransponder  s t a t i o n  i s  phase s t a b l e ,  
i t  has t h e  c a p a b i l i t y  of p rov id ing  ang le  t r a c k i n g  in fo rma t ion  t o  . 

t h e  m t e n n a  d r i v e .  The a d d i t i o n a l  hardware needed t o  add a mono- 
p u l s e  t r a c k i n g  c a p a b i l i t y  w i l l  be r e l a t i v e l y  s m a l l ,  a s  t h e  code 
g e n e r a t o r  and a c q u i s i t i o n  t iming  c i r c u i t r y  can be sha red  w i t h  t h e  
r e f e r e n c e  channel ,  This  c a p a b i l i t y  can t r a c k  t h e  r e c e i v e d  s i g n a l  
once a c q u i s i t i o n  has  been achieved ,  b u t  does not  s o l v e  t h e  i n i t i a l  
a c q u i s i t i o n  problems. 

An obvious way t o  o b t a i n  i n i t i a l  d i r e c t i o n  i s  t o  use p r i o r  
knowledge o f  t he  o r b i t .  Th i s  can be e i t h e r  au tomat ic  o r  o p e r a t o r  
a s s i s t e d .  Then, when a s i g n a l  i s  r e c e i v e d ,  t h e  r e c e i v e r  mono- 
p u l s e  f u n c t i o n  can t a k e  ove r .  A s  t h e  r e q u i r e d  beamwidths a r e  n o t  
s m a l l ,  (on the  o r d e r  of  one r a d i a n )  t h e  i n i t i a l  aiming i s  cer-  
t a i n l y  no t  c r i t i c a l ,  and t h e  t r a c k i n g  accuracy requi rements  a r e  
e q u a l l y  l o o s e .  

Another method o f  p rov id ing  an tenna  g a i n  i s  t o  i n s t a l l  a d i -  
r e c t i v e  antenna i n  t h e  v e h i c l e .  Th i s  could  be of  g r e a t  advantage 
where jamming s i g n a l s  a r e  expected and t h e  ground s t a t i o n  i s  
g e o m e t r i c a l l y  o u t  of  t h e  jamming environment.  One c o n f i g u r a t i o n  
which could  be used i s  shown i n  F igure  3-1  a s  a f a n  shaped beam 
which sweeps ac ross  t h e  t ransponder  s t a t i o n s  a s  t h e y  come i n t o  
range .  

Th i s  implementation of cour se  would n o t  r e q u i r e  equipment 
m o d i f i c a t i o n s ,  b u t  i t  i s  d o u b t f u l  i f  t h e  m u l t i p l e  a c c e s s  f e a t u r e s  
would be r e q u i r e d  i n  t h e  v e h i c l e  due t o  t h e  poor geometry. Mul- 
t i p l e  f a n  beams, such a s  one l e a d i n g  t h e  v e h i c l e  and one t r a i l i n g  
would h e l p  t h i s  s i t u a t i o n .  

3.3.2 Frequency ‘Preset  and Code Timing 

The r ece ived  s i g n a l  a t  t h e  t r ansponder  has  been shown t o  have 
l a r g e  frequency and code t iming  u n c e r t a i n t i e s ,  A s  t h e  s i g n a l  and 
i t s  modulation a r e  formed i n  t h e  v e h i c l e  as a product  ( i . e . ,  b a l -  
anced modulated-suppressed c a r r i e r )  t h e  t r ansponder  r e c e i v e r  i s  
fo rced  t o  sea rch  t h e  product  of code and f requency  c e l l s .  
ways of r e l i e v i n g  t h i s  a r e :  

P o s s i b l e  

1. Transmit a c a r r i e r  component i n  t h e  c l e a r .  

2 .  Re-erect  a c a r r i e r  component i n  t h e  r e c e i v e r .  
I E i t h e r  of t hese  would permi t  t h e  r e c e i v e r  t o  q u i c k l y  c a p t u r e  the 

c a r r i e r  without  code t iming ,  t h e n  perform a code s e a r c h .  The 
r e s u l t a n t  a c q u i s i t i o n  time would be t h e  sum o f  t h e  c a r r i e r  and 
code a c q u i s i t i o n  t ime. 

1’ 
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Figure 3-1. Spatial Search with Directive Spacecraft Antenna 

A clear carrier component has definite disadvantages from multi- 
path reflections and jamming vulnerability. The situation is, 
however, not nearly as serious as it would be on the uplink from 
the transponder to the vehicle. The downlink has no corresponding 
intermodulation and crosstalk vulnerability, as it is receiving 
only a single signal at a time. Also, multipath'signals can be 
resolved if the receiver is switched to operate only on the coded 
part of the signal once code correlation is detected. The 
acquisition sequence would proceed as follows: 

The transmitted signal from the vehicle will contain the 
normal range coded modulation and a fraction of the total power 
in a carrier component. 

gized. The receiver frequency will be swept with a sawtooth 
waveform to cyclically search the range of possible received 
signal frequencies. The sweep rate will be slow enough that 
upon coincidence of the received frequency and the swept 
frequency carrier capture will occur, automatically disabling 
the sweep circuitry. The receiver then performs a code search 
in the same manner as the vehicle does. The receiver is held 
by the captured carrier by direct coupling of  the carrier.loop, 
and code capture is sensed b y  the present gated A, detector. 

The Transponder Tracking Receiver will normally be ener- 

Ld 
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Figure 3 - 2 .  L-Code Tracking with H-Code Present 

The range loop is continuously closed and will track the re- 
I ceived code when correlation is achieved. 

The carrier loop then reverts to the normal gated sequence 

H-code cap- 

and tracks the coded portion of the received signal. The cw 
component due to the carrier will be averaged out by the re- 
ceiver code and will be ignored by the receiver. 
ture Doppler reverse, and retransmission to the vehicle will 
be the same as in the present implementation. 

will be longer than that presently needed. This is primarily 
due to the frequency search which is presently eliminated by 
the.Doppler shift of the vhf carrier, and the low code search 
which is presently climinatcd by the event marker in the vhf 
transmission. 

The time required for acquisition of the Transponder Station 

The frequency search can take placc at about 70 klIz/second, 
which will s e a r c h  the range of potential. frequencies in about 
2 . 5  seconds. The code search can take place at the same rate 
the the vehicle does, for cveri though less than half of the 
received power is in the low code the time allocated for car- 
rier capture is no longer rcquired. 
i i ium time f o r  code capture of about 2 seconds. 

This will require a maxi- 
The transponder 
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a c q u i s i t i o n  time w i l l  t o t a l  about  7 seconds compared t o  about  
3 seconds w i t h  t h e  p r e s e n t  implementat ion.  

The t r a c k i n g  r e c e i v e r s  would have d i f f i c u l t y  a c q u i r i n g  t h e  
t r a n s m i t t e d  s i g n a l s  w i thou t  m o d i f i c a t i o n  of  t h e  code time s h a r i n g  
method. As d e r i v e d  i n  Report  No, 3 0 6 5 - 2 - 2 ,  t h e  modulat ion t r a c k -  
i n g  s i g n a l  would be o f  t h e  form shown i n  F igu re  3 - 2 .  

With t h e  p r e s e n t  implementat ion,  t h e  r e sponses  a t  5 2  T 
e f fec t  upon t h e  system because t h e  code i s  p r e s e t  t o  n e a r t y  T = 0 
by t h e  L-code t r ansmiss ion .  I n i t i a l  a c q u i s i t i o n ,  however, would 
be q u i t e  l i k e l y  t o  r e s u l t  i n  a s p u r i o u s  lock  w i t h  t h i s  c o r r e l a t i o n  
curve .  

have no 

Rev i s ion  of  t h e  r e c e i v e r  code time s h a r i n g  as shown i n  F i g u r e  
3 - 3  would e l i m i n a t e  t h i s  problem and p r o h i b i t  t h e  s p u r i o u s  c o r r e -  
l a t i o n  p o i n t s .  

I n  t h e  c o u r s e  of  modeling t h i s  code s t r u c t u r e ,  t h e  a n a l y s i s  
uncovered a n  anomaly i n  t h e  p r e s e n t  system. 
c a u s e  of  t h e  d i f f i c u l t y  i n  the  range  loop  which f o r c e d  t h e  d i r e c t  
c o u p l i n g  o f  t h e  range  g a t e s ,  and r e s u l t e d  i n  t h e  i n c l u s i o n  of  
s e v e r a l  s o u r c e s  o f  range  e r r o r s  which were undes i r ed .  The problem 
can  be e x p l a i n e d  by r e f e r e n c e  t o  F i g u r e  3 - 4  as t h e  ampl i tude  of 
t h e  c o r r e l a t i o n  i n  a c q u i s i t i o n  s t a t e  V-3. 

This  anomaly is the 

The d e l a y  of t h e s e  s i g n a l s  i n  t h e  i n t e r m e d i a t e  f requency  ampli-  
f i e r s  w i l l  change a s  t h e  p o i n t  of  exact c o r r e l a t i o n  i s  reached .  
The average  component changing from -ET t o  ze ro  and t h e  t o t a l  
g a t e d  s i g n a l  remaining e s s e n t i a l l y  c o n s t a n t .  The a-c  coupled  
g a t e d  component w i l l  be t h e  d i f f e r e n c e  between t h e s e  and w i l l  have 
a +ET t r a n s i e n t  as H-code comes i n t o  c o r r e l a t i o n .  The magnitude 
o f  t h i s  e f f e c t ,  if t h e  average component i s  d i s c a r d e d  by a-c  
c o u p l i n g ,  i s  s u f f i c i e n t  t o  make t h e  d e s i r e d  c o r r e l a t i o n  p o i n t  un- 
s t a b l e .  The r e s u l t a n t  range  loop e r r o r  s i g n a l  i s  shown i n  F i g u r e  
3-5. 

I n  t h e  p r e s e n t  system t h i s  e f f ec t  i s  e l i m i n a t e d  by d i r e c t  
c o u p l i n g  of  t h e  l o o p ,  t hus  us ing  t h e  e n t i r e  g a t e d  s i g n a l  w i t h  no 
t r a n s i e n t .  Shown on F igure  3 - 2  i s  a b e t t e r  way t o  e l i m i n a t e  t h e  
problem by a l t e r n a t e l y  adding F and F t o  t h e  H-code i n t e r v a l s .  
This w i l l  r e s u l t  i n  removing t h b  H-codb i n f l u e n c e  upon t h e  L-code 
t r a c k i n g  s i g n a l ,  p e r m i t t i n g  a-c coup l ing  of t h e  range  loop  w i t h  
t h e  a t t e n d e n t  r e d u c t i o n  of system e r r o r .  

The normal AROD o p e r a t i o n  i s  i n  t h e  " Inve r t ed  Mode", t h a t  i n  
which a l l  s t a t i o n  s e l e c t i o n ,  a c q u i s i t i o n ,  and d a t a  c o l l e c t i o n  i s  
i n  t h e  v e h i c l e  t e r m i n a l ,  
t i a l l y  r i g h t e d  mode. That i s  t h e  mode of  operat ion. , . , in  which t h e  
v e h i c l e  c o n t i n u e s  t o  be t h e  c e n t r a l  time r e f e r e n c e  akd d a t a  

One a p p l i c a t i o n  of AROD i s  i n  a p a r -  

3 - 3 3  



RECEIVED CODE LK.l @ " 1 LK L K @ H  LK+l 1 LK+l e H  1 LK+2 

* T I +  

+6 
0 T = 0  

T 
4 

7- -A 

Tr-- TL 

T U - -  3TL 

2 

4 

T + - T L  

T=- 5TL 
4 

+6 

-6 

+6 

0 

0 

+6 
0 

+6 

-6 
0 

AVERAGE OUTPUT 

GATED OUTPUT 
(GATED INTERVAL 
SHOWN WITH 
HEAVY LINES) 

6276-2 

Figure 3 - 3 .  Receiver  Code M o d i f i c a t i o n s  
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Figure  3 - 4 .  V-3 Code C o r r e l a t i o n  
Through F i l t e r  Delay 

, 
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Figure  3-5. V - 3  E r r o r  S i g n a l  AC Coupled 
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collection point, but an interrogation is initiated by an isolated 
ground transponder station. This mode lends itself primarily to 
the geodetic applications in which a station wishes to be the 
controlling terminal for survey purposes. 

As presently implemented, the station "call sequence" is stored 
in the vehicle memory. 
tion can break-in other than assuming a legitimate station ID code 
and suppressing the normal station operation, If the vehicle 
equipment were designed with this mode as being desired, certain 
advantages would be obtained. An example follows : 

Consider the case in which a complete AROD System is in orbit, 
By complete is meant an equipment with a data processor capable of 
resolving slant range and range-rate into vehicle position and 
velocity in some coordinate system linked to the ground station 
complex. 

There is no way in which an isolated sta- 

An isolated ground station, considered to be perhaps a portable 
station, wishes to know its coordinates in that coordinate system. 
The station has no knowledge of when the vehicle pass is due, and 
no knowledge of its position. The coordinate position, and pos- 
sibly probable error, is to be known at the station in as short a 
time as possible. 

ride switch which will enable that station to respond to any legi- 
timate AROD request. This involves the vhf standby instruction 
and a call for a station which indicates that the vehicle has an 
empty receiver channel at that time, Normal station response can 
be prohibited by'modifying the station call sequence to call for 
a nonexistent address for one cycle ( 4  seconds) prior to calling 
the next station in sequence. Thus if an overriding station re- 
sponds with a special "override" identification, the, vehicle can 
recognize this identification to take special action'; This action 
would be to continue to track the already acquired stations, per- 
haps even disabling the maximum range criteria, while acquiring 
and tracking the intruding inquirer. 

The station control logic may easily be equipped with an over- 

The geometry of the situation is outlined in Figure 3 - 6 .  In 
a linear situation, the position of the intruder can be resolved 
to lie somewhere on the periphery of a circle in space, 
cle trajectory is not linear though, but includes the influence 
o f  the earth's gravitation field, In addition, the earth's rota- 
tion will add a tangential component to the measurement which can 
resolve the position measurement to a single point on the circle. 
Once resolved, which will take a succession of measurements by 
the vehicle, the coordinates of the intruding inquirer can easily 
be reported via the vhf link (see data capacity of  vlif link, 

The vehi- 
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s u b s e c t i o n  3 . 2 )  t o  t h e  i n q u i r i n g  s t a t i o n .  The p o t e n t i a l  accuracy  
of  t h e  measurement, and t h e  time over  which such a measurement 
must be made, is  y e t  t o  be ana lyzed ,  bu t  t h e  p o t e n t i a l  f o r  such a 
measurement and c a p a b i l i t y  e x i s t s  i n  t h e  AROD system w i t h  no s i g -  
n i f  icclnt changes i n  hardware. 

Opera t ion  i n  t h i s  mode w i l l  no t  be a f f e c t e d  by t h e  l a c k  of  a 
vhf  l i n k .  A c q u i s i t i o n  w i l l  be somewhat s lower ,but  t h e  s t a t i o n  
c a l l ,  and t h e  d a t a  r e p o r t i n g  can be c a r r i e d  e q u a l l y  w e l l  by way 
of t h e  S-band d a t a  l i n k  ( see  s u b s e c t i o n  3 .5) .  

I 
3.5 S-BAND DATA CHANNEL CAPACITY 

The p r e s e n t  AROD system r e q u i r e s  an S-Band d i g i t a l  d a t a  l i n k  
w i t h  a d a t a  r a t e  of 1 0 0  b i t s  p e r  second f o r  au tomat ic  a c q u i s i t i o n .  
Fu tu re  a p p l i c a t i o n s  o f  t h e  AROD system may r e q u i r e  t h e  t r a n s m i s s i o n  
of  a d d i t i o n a l  d a t a  t o  s a t i s f y  o t h e r  o p e r a t i o n a l  requi rements .  For 
example, a b i t  r a t e  o f  6 2 5  bps i s  adequate  t o  r e p o r t  t h e  p o s i t i o n  
and v e l o c i t y  of t h e  v e h i c l e  f o u r  times p e r  second. This  s e c t i o n  
c o n t a i n s  a genera l  d e s c r i p t i o n  of  compatible  d a t a  modulat ion t e c h -  
n iques  and e s t a b l i s h e s  p r a c t i c a l  l i m i t s  on d a t a  r a t e  f o r  a v a r i e t y  
of c o n d i t i o n s .  

I 
1 
8 

For t h e  purpose of a n a l y s i s ,  t h e  p r e s e n t  AROD t r a n s m i t t e r  power 
and r e c e i v e r  s e n s i t i v i t i e s  are  assumed f o r  bo th  t e r m i n a l s .  The 
d a t a  channel  c a p a c i t y  w i l l  be determined a s  a f u n c t i o n  of perform- 
ance deg rada t ion  and t r a d e o f f s  between equipment complexi ty  and 
d a t a  channel  performance w i l l  be developed. 

In  t h e  fo l lowing  paragraphs  v a r i o u s  modulat ion t echn iques  f o r  
d a t a  t r ansmiss ions  a r e  examined. The upper bound on d a t a  r a t e  
f o r  t h e  same r e c e i v e r  s e n s i t i v i t y  i s  on t h e  o r d e r  of 1 , 0 0 0  bps .  
Th i s  assumes t h e  same t r a n s m i t t e r  power and an tenna  ga ins  de f ined  
i n  t h e  AROD System D e s c r i p t i o n  Report .  Higher d a t a  r a t e s  can be 
achieved  w i t h  a reduced t h r e s h o l d .  For example, d a t a  r a t e s  from 
4 0  kbs t o  60 kbs  can be achieved  w i t h  a r e c e i v e d  power l e v e l  of 
-100 dbm, 
some mod i f i ca t ion  o f  t h e  p r e s e n t  system. 

Bo th  ana log  and d i g i t a l  modulat ion can be used w i t h  

A p r a c t i c a l  analog channel  w i l l  r e q u i r e  a s e p a r a t e  i - f  channel  
i n  o r d e r  t o  e l imina te  t h e  chopping f requency  in t roduced  by t h e  
" t ime-shar ing"  modulat ion frequency.  The ana log  channel  i s  con- 
s t r a i n e d  t o  a lower f requency  l i m i t  of  t h e  o r d e r  of 500 Hz d u r i n g  
c a r r i e r  t r a c k i n g  i n t e r v a l s  and 25 llz d u r i n g  range  t r a c k i n g  i n t e r -  
v a l s .  The upper f requency l i m i t  i s  de te rmined  by t h e  i-f band- 
width chosen f o r  t h e  ana log  channel  and would be on t h e  o r d e r  of 
50  t o  1 0 0  k l l z .  
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D i g i t a l  s i g n a l s  can be t r a n s m i t t e d  by u s i n g  t h e  p r e s e n t  t e c h -  
n ique  of ba lanced  b i - p h a s e  modulation du r ing  s e l e c t e d  time i n t e r -  
v a l s ,  This approach would r e q u i r e  l e s s  hardware than  t h e  analog 
channel ,  b u t  would r e q u i r e  m o d i f i c a t i o n  o f  t h e  code c o n t r o l  l o g i c  
t o  p rov ide  t iming  s i g n a l s .  I n  t h e  case  o f  t h e  ana log  s i g n a l s  
t r a n s m i t t e d  d i g i t a l l y ,  t h e  A/D and D / A  c o n v e r t e r s  must be charged 
t o  t h e  l i n k .  For v o i c e  channels ,  t h e  A/D and D/A convers ion  can 
be performed simply by t h e  use  o f  d e l t a  modulat ion.  

The purpose of  t h i s  s tudy  i s  n o t  t o  s e l e c t  a t echn ique ,  s i n c e  
t h i s  i s  v e r y  s e n s i t i v e  t o  s p e c i f i c  d a t a  r equ i r emen t s ,  However, 
some g e n e r a l  conc lus ions  can  be s t a t e d .  The AROD range  modula- 
t i o n  i s  d i g i t a l ;  t h e r e f o r e ,  d i g i t a l  modulation i s  more compatible  
than  ana log  modulat ion.  For the  c a s e  of  d i g i t a l  i n fq rma t ion ,  
there i s  l i t t l e  doubt t h a t  d i g i t a l  modulation would be  s e l e c t e d .  
For ana log  in fo rma t ion ,  t h e  modulation technique  must absorb t h e  
p e n a l t i e s  a s s o c i a t e d  w i t h  A / D  and D/A convers ion .  Some analog 
s i g n a l s  can  be conver ted  by us ing  d e l t a  modulation and would make 
d i g i t a l  modulat ion a c c e p t a b l e ,  For analog s i g n a l s  r e q u i r i n g  more 
a c c u r a t e  conve r s ion ,  a s e p a r a t e  i - f  channel  f o r  d a t a  would 
probably  be t h e  s e l e c t e d  approach. 

I t  i s  p o s s i b l e ,  i n  p r i n c i p l e ,  t o  u t i l i z e  a l l  t h e  r e c e i v e d  
power f o r  each o p e r a t i o n ;  i . e . ,  c a r r i e r  t r a c k i n g ,  range t r a c k i n g ,  
and d a t a  t r a n s f e r .  The b lock  diagram f o r  an i d e a l i z e d  AROD re-  
c e i v e r  i s  shown i n  F igu re  3-7, 

f o r  d i g i t a l  d a t a  and t h e  de lay  o f  t h e  p r o c e s s i n g  bandwidth f o r  
ana log  d a t a .  I f  t h e  range and c a r r i e r  channels  use a s i g n a l  
which has  been de layed  by t h e  same time p e r i o d ,  t h e  Oata can be. 
removed w i t h  an  accuracy determined by t h e  d a t a  b i t  e r r o r  r a t e .  
The r ange  modulat ion can t h e n  be s t r i p p e d  o f f  l e a v i n g  a l l  t h e  
r e c e i v e d  power f o r  t h e  c a r r i e r  loop .  
tween t h e  loops  a l s o  p rov ides  a l l  t h e  r e c e i v e d  power f o r  t h e  o t h e r  
f u n c t i o n s .  

T h i s  technique  r e q u i r e s  a cons ide rab le  amount of  hardware and 
I t  does ,  however, 

The p r a c t i -  
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The d a t a  demodulator has  an i n h e r e n t  d e l a y  of  one b i t  time, T ,  4’ 

S i m i l a r  c r o s s  coupl ing  be-  

i s  n o t  p r a c t i c a l  f o r  m o s t  space a p p l i c a t i o n s .  
p r o v i d e  an upper  bound f o r  t he  channel  s e n s i t i v i t y .  
c a l  bounds f o r  AROD d a t a  r a t e s  i n  t h e  TRACK mode a r e  p re sen ted  
i n  F i g u r e  3 - 8 .  
p e r  second a s  a f u n c t i o n  of r ece ived  s i g n a l  power assuming a l l  
power i s  used f o r  d a t a .  Curve 3 corresponds t o  t h e  channel  capa- 
c i t y  o f  t h e  p r e s e n t  S-band d a t a  channel  which uses  one - fou r th  
of t h e  range  modulat ion power. Curve 2 i s  t h e  channel  c a p a c i t y  
which uses t h e  power p r e s e n t l y  l o s t  by t h e  G i  g a t e .  These curves  
p r o v i d e  a bound f o r  d a t a  r a t e s  based on power c o n s i d e r a t i o n s  
a l o n e .  I n  t h e  fo l lowing  s e l e c t i o n s ,  v a r i o u s  techniques  a r e  
e x p l o r e d  which use  t h i s  power f o r  d a t a  t r a n s f e r .  

Curve 1 r e p r e s e n t s  t h e  channel  c a p a c i t y  i n  b i t s  1 
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3.5 .1  Analog Modulation 

Analog s i g n a l s  can  be used t o  modulate t h e  S-Band s i g n a l  i n  
t h r e e  ways : 

1. amplitude modulate t h e  c a r r i e r  

2 .  phase modulate t h e  ca r r i e r  

3 .  phase modulate t h e  range modulation 

The c o n s t r a i n t s  imposed on t h i s  modulat ion w i l l  be gene ra t ed  by 
f i r s t  cons ide r ing  t h e  d i s t o r t i o n  e f f e c t s  on t h e  analog s i g n a l s  by 
t h e  AROD modulation and t h e n  c o n s i d e r i n g  t h e  e f f e c t s  of t h e  ana log  
s i g n a l s  on the  AROD range and range r a t e  measurement. A l l  t h r e e  
forms of  modulation p r e s e n t  almost i d e n t i c a l  c o n s t r a i n t s ;  t h e r e -  
f o r e ,  i t  w i l l  b e  p o s s i b l e  t o  develop t h e  d e t a i l  requi rements  f o r  
t h e  AM case  and ex tend  t h e  argument t o  t h e  o t h e r  modulation 
techniques .  

F igure  3-9 i s  a f u n c t i o n a l  b lock  diagram of one v.Fhicle S-band 
r e c e i v e r  channel .  I n  any form of  modulat ion which c u n t a i n s  a s i g -  
n i f i c a n t  p o r t i o n  of t h e  t o t a l  power, t h e  r e c e i v e r  w i l l  have t o  be 
f u l l y  acqui red  b e f o r e  e x t e r n a l  modulat ion i s  a p p l i e d  t h e r e f o r e ,  
i n  a l l  c a s e s  i t  i s  assumed t h a t  t h e  r e c e i v e r  i s  i n  t h e  TRACK mode. 

I n  t h e  AROD r e c e i v e r ,  ampl i tude  modulat ion can  be recovered  a t  
t h e  i n p u t  t o  t h e  agc a m p l i f i e r .  One problem a r i s e s  i n  t h a t  t h e  
AROD r e c e i v e r  is designed f o r  t ime-shared  modulat ion and w i l l  i n -  
t roduce  a chopping frequency of FL/2  o r  approximately 6 .25  Khz. 
Th i s  i s  caused by t h e  G i  g a t e  ( l o c a t e d  i n  t h e  f i r s t  mixer) which 
clamps t h e  i - f  a m p l i f i e r  o f f  d u r i n g  t h e  L-code i n t e r v a l  and by 
t h e  f a c t  t h a t  t h e  i - f  f i l t e r  w i l l  no t  p a s s  t h e  s ideband d u r i n g  
t h e  ranging  i n t e r v a l .  I t  i s  p o s s i b l e  t o  r e c o n f i g u r e  t h e  AROD 
code s t r u c t u r e  t o  e l i m i n a t e  t h e  need f o r  t h e  G i  g a t e ;  however, 
t h e  chopping frequency due t o  t h e  range  t r a c k i n g  i n t e r v a l  cannot 
be e a s i l y  e l imina ted ,  The e f f e c t  o f  t h i s  chopping frequency is '  
t o  blank t h e  analog channel  f o r  80 p s  eve ry  3 2 0  ps. This  w i l l  
l i m i t  t h e  upper f requency o f  t h e  ana log  channel  t o  t h e  o r d e r  of 
1 5 0 0  Hz. The lower l i m i t  f o r  AM s i g n a l s  i s  s e t  by t h e  agc band- 
width t o  t h e  o rde r  of 1 0 0  H z .  

S i m i l a r  c o n s t r a i n t s  apply  t o  phase modulat ion on bo th  t h e  modu- 
l a t i o n  and the  c a r r i e r .  The sampling f requency  in t roduced  by t h e  
range t r a c k i n g  i n t e r v a l  l i m i t s  t h e  h igh  f requency  response  of a l l  
t h r e e  forms of modulat ion.  The low f requency  response  i s  d e t e r -  
mined by t h e  loop response  of t h e  c h a n n e l ;  1 0 0  Hz f o r  t h e  agc 
loop (MI), 5 Ilz f o r  t h e  range loop  (PM of t h e  range modula t ion) ,  
and 200  Hz f o r  t h e  c a r r i e r  loop  (PM on c a r r i e r ) .  I n  o r d e r  t h a t  
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t h e s e  ana log  channels  no t  degrade t h e  performance of t h e  AROD 
sys tem,  t h e  low f requency  l i m i t  on t h e  modulation w i l l  be on 
t h e  o r d e r  of 20 t imes  t h e  low p a s s  n o i s e  bandwidth,  8,. There-  
f o r e ,  t h e  u s a b l e  channel  bandwidth of t h e  p r e s e n t  system i s  
l i m i t e d  t o  the  o r d e r  of 1 0 0  t o  1 5 0 0  Hz.  

One s o l u t i o n  t o  t h i s  problem i s  t o  p rov ide  ano the r  r e c e i v e r  
channel  which i s  no t  sampled. Th i s  i s  shown i n  F igu re  3-10. 
A s e p a r a t e  balanced demodulator can  s t r i p  range  modulat ion o f f  
t h e  c a r r i e r  and t h e  r e s u l t a n t  s i g n a l  i s  p rocessed  e x a c t l y  a s  
i n  t h e  AROD r e c e i v e r ,  except  f o r  t h e  Gi g a t e .  
a nonsampled channe l ,  excep t  f o r  t h e  S-band d a t a  modulat ion 
p r e s e n t l y  on d u r i n g  s e l e c t e d  L - b i t  i n t e r v a l s .  
be removed from t h e  p r e s e n t  range  modulat ion and r e i n s e r t e d  
i n t o  t h e  added d a t a  channel .  E i t h e r  c a r r i e r  AM o r  c a r r i e r  PM 
cou ld  be used. The low f requency  components i n t e r f e r e  w i t h  
range  and v e l o c i t y  measurements, However, t h e  upper  modula t ion  
f requency  would be l i m i t e d  o n l y  t o  t h e  i - f  f i l t e r  bandwidth.  , , 

1 
I 
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8 
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This  w i l l  p rov ide  

This  d a t a  could  

3 .5 .2  D i g i t a l  Modulation 

8 D i g i t a l  s i g n a l s  can be  d i v i d e d  i n t o  two g e n e r a l  c a t e g o r i e s :  

1. r e a l  time s i g n a l s  

2 .  no t  r e a l  time s i g n a l s  8 
I 
I 
1 
I 
8 
I 

A r e a l  t ime d i g i t a l  s i g n a l  i s  one i n  which t h e  d i g i t a l  symbols 
must have a s p e c i f i c  time r e l a t i o n s h i p  w i t h  each o t h e r .  
ample i s  a vo ice  s i g n a l  (o r  o t h e r  band l i m i t e d  ana log  s i g n a l )  
which has  been sampled by an a n a l o g - t o - d i g i t a l  c o n v e r t e r .  The 
r e c e i v e r  must p r o v i d e  a d i g i t a l - t o - a n a l o g  c o n v e r t e r  which ope r -  
a t e s  a t  t h e  same sample r a t e  i n  o r d e r  t o  r e c o n s t r u c t  t h e  
o r i g i n a l  s i g n a l .  

s h i p  w i t h  each o t h e r  (except  a s  r e q u i r e d  by t h e  demodulator)  are 
c l a s s i f i e d  as n o t  r e a l  t ime s i g n a l s .  Ordinary  ON-OFF c o n t r o l  
f u n c t i o n s  f a l l  i n  t h i s  c a t e g o r y .  

The c o n s t r a i n t s  on each  type  o f  d i g i t a l  s i g n a l  w i l l  be d e t e r -  
mined by f i r s t  c o n s i d e r i n g  t h e  d i s t o r t i o n  e f f e c t s  on t h e  d i g i -  
t a l  modulation by t h e  AROD modula t ion  and t h e n  c o n s i d e r i n g  t h e  
e f f e c t  of the  d i g i t a l  modulat ion on t h e  AROD system. 

t h e  S-band l i n k  i n  t h e  form of ba l anced  psk modulat ion d u r i n g  
s e l e c t e d  b i t  t i m e s .  

An cx- 

D i g i t a l  s i g n a l s  which do n o t  r e q u i r e  a s p e c i f i c  time r e l a t i o n -  

D i g i t a l  d a t a  which  i s  no t  " r e a l  time" can be t r a n s m i t t e d  ove r  

T h i s  t echn ique  i s  p r e s e n t l y  used t o  t r a n s m i t  
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t r ansponder  s i t e  I D  and c o n t r o l  s t a t u s  informat ion  t o  t h e  v e h i -  
c l e .  Under t h e  c o n s t r a i n t  t h a t  t h e  system i s  i n  t h e  TRACK mode, 
t h e  channel  c a p a c i t y  can be inc reased .  The energy r e q u i r e d  f o r  
a communication channel  can be e x t r a c t e d  from t h e  fo l lowing  
sources :  

1. 

2 .  c a r r i e r  t r a c k  i n t e r v a l s  

blanked i n t e r v a l  (Gi clamp t ime)  

3 .  range  t rack i n t e r v a l s  

A t  t h e  p r e s e n t  time, t h e  i - f  a m p l i f i e r  i s  ga ted  o f f  f o r  one- 
h a l f  t h e  t i m e  t o  i n s u r e  t h a t  t h e  i - f  f i l t e r  does no t  i n t r o d u c e  
a b i a s  e r r o r  i n  t h e  range  measurement due t o  t h e  Low code po r -  
t i o n  of  t h e  t r a c k  modulat ion,  I t  i s  p o s s i b l e  t o  c o n s t r u c t  t h e  
code s o  t h a t  t h e  i - f  a m p l i f i e r  does no t  have t o  be ga ted  OFF. 
This  would provide  a d a t a  r a t e  of  1 6 0 0  bps f o r  t h e  same t h r e s h -  
o l d .  This  i s  a p r o f i t a b l e  a r e a  t o  e x p l o r e  i n  f u t u r e  AROD s y s -  
tems. A d i sadvantage  of t h i s  sou rce  of  energy i s  t h a t  i t  u s e s  
energy which has  been a l l o c a t e d  f o r  dropout  p r o t e c t i o n .  Indeed 
t h i s  i s  a problem f o r  any technique  which i s  allowed on ly  i n  t h e  
TRACK mode, s i n c e  a loss of lock  a t  one t e r m i n a l  must be recog-  
n i zed  a t  t h e  o t h e r  t e r m i n a l  s o  t h a t  a l l  e x t e r n a l  modulat ion can 
be removed f o r  r e a c q u i s i t i o n  of t h e  t r a c k i n g  system. 

The o t h e r  sou rces  o f  energy a r e  t h e  c a r r i e r  and range t r a c k i n g  . 
loops .  The c a r r i e r  loop  can be e l i m i n a t e d  f o r  two r easons  - -  
both  a s s o c i a t e d  w i t h  i t s  r e l a t i v e l y  wide bandwidth. 
r eason  i s  t h a t  t h e  car r ie r  loop  s i g n a l - t o - n o i s e  r a t i o  i s  poorer  
by v i r t u e  of a r e l a t i v e l y  wide ca r r i e r  loop  n o i s e  bandwidth. 
The second reason i s  t h a t  t h e  sample r a t e  ( t h e  r a t e  a t  which 
t h e  loop r ece ived  a sample of e r r o r )  should  be on t h e  o r d e r  o.f 
5 t o  1 0  times t h e  low-pass no i se  bandwidth,  The range  loop  on 
t h e  o t h e r  hand can t o l e r a t e  a much lower sample r a t e  and has  
a h ighe r  s i g n a l - t o - n o i s e  r a t i o ,  The c a l c u l a t e d  rms range 
j i t t e r  i n  r ece ive  s t a t e  V-4 a s  a f u n c t i o n  of  d a t a  t r a n s m i s s i o n  
r a t e  i s  shown i n  F igu re  3-11.  T h i s  shows t h a t  t h e  range j i t -  
t e r  does n o t  i n c r e a s e  markedly u n t i l  t h e  d a t a  channel  u s e s  
v i r t u a l l y  a l l  t h e  modulat ion power. 

In  summary, a d d i t i o n a l  communication channe l s  can be provided  
by e i t h e r  u t i l i z i n g  t h e  p e r i o d  o f  time p r e s e n t l y  blanked by t h e  
G i  g a t e  o r  a d d i t i o n a l  t ime p e r i o d s  p r e s e n t l y  a l l o c a t e d  f o r  range  
t r a c k  o r  a combination of b o t h ,  The r a t e s  a r e  l i m i t e d  by amount 
o f  deg rada t ion  i n  range loop S N R  which can  be t o l e r a t e d  and t h e  
i n p u t  r e c e i v e r  power, 

The f i r s t  

Real - t ime d i g i t a l  s i g n a l s  can  be t r a n s m i t t e d  i n  t h e  same man- 
n e r  as n o t - r e a l - t i m e  d i g i t a l  s i g n a l s .  Any v a r i a t i o n s  i n  sample 
s e p a r a t i o n  m u s t  be absorbed i n  a b u f f e r  s t o r e ,  I n  t h e  AROD 
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system, the encoder sample rate can be synchronized to the range 
code and eliminate the buffer requirements. This may insert some 
slight variations in the period between samples; however, this 
will not affect the data. 

The Sample rate and quantization levels are determined by the 
desired link quality. For example, intelligible voice can be 
transmitted at a nominal bit rate of 18-20kbps with a probability 
of bit error on the order of 1 x 10". 
tion at this level is of the order of 10 percent and is accept- 
able for many applications. The threshold for a channel with 
these rates would be approximately -115 dbm. The range signal- 
to-noise ratio under these conditions would be on the order of 
15 db. 

The quantization distor- 

3 . 6  SUMMARY 

The system concepts have been shown to be sufficiently non- 
restrictive that a large number of applications can be supported. 
That is : 

1. The range capability can be extended many fold, with 
appropriate tradeoffs with the multiple access and 
acquisition time features. 

The acquisition techniques can be applied to ground 
control, both with and without the vhf link. 

Sufficient data dapacity is available on both the 
S-band and the vhf links to support other applications. 

2. 

3 .  
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SECTION I V  

4 .  SUPPORTING STUDIES 1 
4.1 PROPAGATION CORRECTIONS 
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I n  t h e  development of a Test  and Demonstration Program f o r  AROD, 
t h e  problem of r e a l  time atmospheric  propagat ion  c o r r e c t i o n s  f o r  
range was s t u d i e d .  A b r i e f  examination o f  t h e  range r a t e  c o r r e c -  
t i o n s  was a l s o  made. This  was con ta ined  i n  Appendix A of t h e  f i n a l  
r e p o r t  o f  t h a t  development and i s  a l s o  TM 3065-18, 6 December 1965. 
This  a n a l y s i s  was l a r g e l y  concerned wi th  t h e  c o r r e c t i o n s  necessa ry  
f o r  an a i r c r a f t  f l i g h t  t e s t ;  however, i t  i s  ex tendab le  t o  super -  
a tmospheric  propagat ion  a s  w e l l ,  a l though i t  does n o t  i n c l u d e  
ionosphe r i c  e f f e c t s .  The proposed method evolved from work done 
by B.  R. Bean and G .  D .  Thayer o f  N B S . 6  

No 
ad j us 
minin 
t h a t  

s i g n i f i c a n t  e f f o r t  had been s p e n t  i n  s tudy ing  t h e  necessa ry  
tments f o r  i onosphe r i c  e f f e c t s ,  except  t o  t h e  e x t e n t  of d e t e r -  
g r e l a t i v e  magnitude o f  e r r o r  involved.  I t  was c o n j e c t u r e d  
t h e o r e t i c a l  ad jus tments  a s  a f u n c t i o n  of  geometry would s a t i s -  

f a c t o r i l y  remove t h e s e  e f f e c t s .  Indeed i t  was f e l t  t h a t  t h e  a d j u s t -  
ments could  be i n c o r p o r a t e d  i n t o  t h e  same g e n e r a l  form o f  equa t ion  
a s  t h e  atmospheric  c o r r e c t i o n s .  

Because of  t h e  i n t e r e s t  i n  de te rmining  t h e  computat ional  r e q u i r e -  

' a l o n g e r  l o o k  has  been taken  a t  i onosphe r i c  p ropaga t ion  c o r r e c t i o n s ;  
ments f o r  a complete AROD system used f o r  s a t e l l i t e  a p p l i c a t i o n s ,  

I n  t h e  p rocess  a new r e p o r t  by K .  A. Norton of  NBS2 on atmospheric  
c o r r e c t i o n s  was reviewed. 

Paragraph 4 . 1 . 1  summarizes Nor ton ' s  r e p o r t ,  The ionosphe r i c  
s t u d i e s  t o  d a t e  a r e  d i s c u s s e d  i n  paragraph 3.6.2.  Two problems 
have a r i s e n  i n  t h e  l a t t e r  case.  F i r s t ,  t h e  in fo rma t ion  a v a i l a b l e  
i s  adequate  only t o  i n d i c a t e  the  second problem,which i s  t h a t  a 
p r o p e r  s t u d y  is  more ex tens ive  t h a n  f i r s t  env i s ioned ,  and f u r t h e r  
work i s  probably n o t  j u s t i f i e d  a t  t h i s  t ime. 

4 . 1 . 1  Atmospheric Correc t ions  

I n  Janua ry  1966 K .  A. Norton d e l i v e r e d  a paper  a t  t h e  Th i rd  
Troposphe r i c  Refr.action Ef fec t s  Meeting a t  t h e  Mitre '  Corpora t ion .  
This  pape r  a t tempted  t o  answer f i v e  b a s i c  q u e s t i o n s :  

2 

"(1) The de te rmina t ion  of t h e  u l t i m a t e  l i m i t a t i o n s  imposed by 
n a t u r e  on e l e c t r o n i c  t r a c k i n g  sys tems;  

( 2 )  The de te rmina t ion  of optimum methods f o r  c o r r e c t i n g  d a t a  
from e l e c t r o n i c  systems f o r  t h e  e f f e c t s  o f  t r o p o s p h e r i c  
r e f r a c t  ion  ; 

'See co r re spond ing ly  numbered References a t  end o f  t h i s  s e c t i o n .  
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( 3 )  The e s t i m a t i o n  of t h e  magnitude o f  r e s i d u a l  e r r o r s  a f t e r  
us ing  v a r i o u s  c o r r e c t i o n  procedures  ; 

( 4 )  The development of methods for f q r e c a s t i n g  t h e  magnitude 
of uncor rec t ab le  r e s i d u a l s  f o r  s p e c i f i c  me teo ro log ica l  
cond i t ions  ; and 

(5) The development of r e a l - t i m e  methods f o r  c o r r e c t i n g  t h e  
e f f e c t s  o f  t r o p o s p h e r i c  r e f r a c t i o n . "  

Although by no  means complete,  M r .  Nor ton ' s  s tudy  d i d  go a con- 
s i d e r a b l e  way towards answering t h e s e  q u e s t i o n s .  Perhaps t h e  most 
s i g n i f i c a n t  conclus ion  he reached was t h a t  t h e  method f o r  range 
c o r r e c t i o n  proposed i n  TM-3065-18 was optimum. I t  c e r t a i n l y  i s  f o r  
r e a l - t i m e  ope ra t ion  and appears  t o  be f o r  any u s e .  

One of t h e  q u e s t i o n s  d i scussed  by Norton i s  t h e  averaging  time 
which should  be used  t o  d e r i v e  t h e  b e s t  e s t i m a t e  of s u r f a c e  r e f r a c -  
t i v i t y ,  NS.  The averaging  time, T ,  f o r  b e s t  r e s u l t s  i s  equa l  t o  

Re cos 8 cos f3 Re cos  a - T =  - 
U U 

where 

Re = measured range i n  meters  

U = wind v e l o c i t y  i n  meters/sec 

8 = e l e v a t i o n  ang le  

B = ang le  between t h e  wind v e l o c i t y  v e c t o r  and t h e  p r o j e c t i o n  
o f  t h e  range v e c t o r  on to  t h e  x ,  y p l a n e  t angen t  t o  t h e  
e a r t h  a t  t h e  s t a t i o n  

COS e COS B = COS ~1 

cr = ang le  between wind v e c t o r  and range  vect 'or .  

Unfor tuna te ly  T i s  s t r o n g l y  r e l a t e d  t o  geometry. T y p i c a l  v a l u e s  
f o r  T a r e  one hour ,  The s a t e l l i t e  i s  n o t  i n  c o n t a c t  w i t h  a s t a t i o n  
f o r  pe r iods  anything l i k e  t h i s .  Furthermore,  a i s  c o n s t a n t l y  
changing. 

was ana lyzed ,  t h e  improvement by ave rag ing  over t ime a s  oppos,ed t o  
one-minute averaging was t o  reduce t h e  r e s i d u a l  v a r i a n c e  from 5 
p a r t s / m i l l i o n  t o  3 p a r t s / m i l l i o n .  Averaging a l s o  r e q u i r e s  e i t h e r  
prerange  measurement o r  p o s t  range measurement averaging  t i m e s ,  
depending on the wind d i r e c t i o n .  Consequent ly ,  one i s  l e d  t o  t h e  

Hence averaging may be i m p r a c t i c a l .  I n  t h e  one c a s e  where t h i s  
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b e l i e f  t h a t  cveraging  NS measurements i s  u n d e s i r a b l e  f o r  r e a l  t ime 
range c o r r e c t i o n s  and one w i l l  have t o  l i v e  w i t h  t h e  r e s i d u a l s  
encountered w i t h  no averaging ,  

A f u r t h e r  reason  f o r  t h i s  conclus ion  i s  t h e  f a c t  t h a t  t h e  i n -  
f l u e n c e  of t h e  atmosphere on range e x i s t s  over  t h e  whole of  t h e  
wave t r a j e c t o r y  a l though a l a rge  p o r t i o n  i s  due t o  r e l a t i v e l y  l o c a l  
e f f e c t s ,  However, t h e  v e l o c i t y  c o r r e c t i o n s  due t o  a tmospheric  e f -  
fec t s  a r e  a t r u l y  l o c a l  phenomenon. That i s ,  90 p e r c e n t  of t h e  r a y  
bending,  t h e  cause of range r a t e  e r r o r ,  occurs  i n  t h e  f i r s t  few 
hundred meters of  t h e  p a t h  from t h e  ground s t a t i o n .  Thus one must 
conclude t h a t  t h e  va lue  of NS t o  u se  he re  must be a l o c a l  average .  
These t o o  a r e  wind v e l o c i t y  dependent b u t  on ly  i n  an a r e a  ve ry  n e a r  
t h e  s t a t i o n .  

On t h i s  b a s i s ,  one would conclude t h a t  t h e  p r e s e n t  s u r f a c e  v a l u e  
of t h e  index of r e f r a c t i o n  should be used.  

Norton a l s o  s t r e s s e d  t h a t  a r e g r e s s i o n  type  o f  c o r r e c t i o n  c a n '  
b e s t  be  made us'ing a s  d a t a  p a s t  h i s t o r y  a t  each s t a t i o n  taken  by 
i t s e l f .  Th i s  has  been done i n  some i n s t a n c e s ,  n o t a b l y  on t h e  
A t l a n t i c  Missile Range. The d i f f i c u l t y  w i t h  t h i s  approach i s  t h e  
g r e a t l y  i n c r e a s e d  requirements  f o r  d a t a  t r a n s f e r  from ground t o  a i r  
o r  t h e  i n c r e a s e  s t o r a g e  capac i ty  f o r  a real-t ime d a t a  p rocesso r .  
I n  a d d i t i o n ,  a l a r g e  number of p r o f i l e s  would be r e q u i r e d  a t  every  
s t a t i o n  which must be c a r r i e d  out over  a f a i r l y  l a r g e  p e r i o d  of 
t ime - -  months. This  i s  i n  gene ra l  i m p r a c t i c a l .  The m o s t  impor tan t  
q u e s t i o n  t o  be answered i s  whether o r  n o t  a duc t ing  s i t u a t i o n  e x i s t s  
a t  a s t a t i o n .  This  cannot  be answered r e a d i l y  by any r easonab le  
means i n  t h e  AROD concept .  

I n  conc lus ion ,  i t  i s  be l i eved  t h a t  a s i n g l e  world-wide r e g r e s s i o n  
formula  should  be used f o r  a l l  AROD s t a t i o n s ,  u s i n g  averaging  p e r i o d s  
of t h e  o r d e r  of minutes  a t  most f o r  a l l  r e a l - t i m e  a p p l i c a t i o n s .  

I t  would be i n t e r e s t i n g  t o  know how we l l ,  i n  g e n e r a l ,  t h i s  method 
would work .  Extreme b e n e f i t s  may be e s t i m a t e d  from t h e  world-wide 
r e g r e s s i o n  accuracy and from t h e  A t l a n t i c  M i s s i l e  Range d a t a .  
extreme v a l u e  of mean c o r r e c t i o n ,  w i t h  an a l t i t u d e  of 1 0 0 0  km and a 
range of 3800  km, i s  1 1 8  meters w i t h  a s t a n d a r d  d e v i a t i o n  of 8 me te r s ,  
u s i n g  world-wide d a t a .  Using the  AMR d a t a ,  t h e  c o r r e c t i o n  i s  1 2 1  
me te r s  w i t h  a s t a n d a r d  dev ia t ion  of  4 meters .  The d i f f e r e n c e s  a r e  
much s m a l l e r  f o r  b e t t e r  geometry. Consequently,  i t  does n o t  appear  
t o  be p r o f i t a b l e  t o  use  b e t t e r  t han  a s i n g l e  world-wide regress . ion 
f ormul a .  

An 

The work i n  t h i s  a r e a  t h a t  remains t o  be done i s  t o  determine t h e  
e x a c t  r e g r e s s i o n  equa t ions  f o r  superatmosphere s a t e l l i t e  f l i g h t s .  
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4.1.2 Ionospher ic  Cor rec t ions  

The ionosphe r i c  p ropaga t ion  c o r r e c t i o n s  a r e  a more complex prob-  
lem. Unlike the t r o p o s p h e r i c  o r  a tmospheric  c o r r e c t i o n s  where group 
v e l o c i t y  i s  equal  t o  phase v e l o c i t y  and both  a r e  l e s s  t h a n  t h e  f r e e  
space  v e l o c i t y  o f  l i g h t ,  t h e  iono p h e r i c  phase v e l o c i t y  exceeds t h e  
v e l o c i t y  o f  l i g h t .  Here V V = C . The group v e l o c i t y  must be used 
t o  c o r r e c t  t h e  range and t h e  phase v e l o c i t y  must be used t o  d e t e r -  
mine t h e  r ay  bending from which t h e  e r r o r  i n  range r a t e  can be 
determined.  

)) 

9 
g P  

The index of r e f r a c t i o n  i n  t h e  ionosphere may be approximated by 
t h e  r e l a t i o n s h i p  

f o r  f r equenc ie s ,  f ,  g r e a t e r  t han  about  1 0 0  Mhz. 
e l e c t r o n  d e n s i t y  a t  a l t i t u d e ,  h. 

Ne(h) i s  t h e  

= C/n(h) t h e  phase v e l o c i t y . .  
vP 

Apparent ly  only t h e  F l a y e r  i s  s i g n i f i c a n t .  Models have been 
made t o  r e p r e s e n t  t h i s  l a y e r ,  However, i t s  h e i g h t  v a r i e s  a s  a 
f u n c t i o n  of time of day and i t s  d e n s i t y  a s  a f u n c t i o n  of day,  month, 
and s o l a r  sunspot  a c t i v i t y .  
o r d e r  of  magnitude.g 
l o n g i t u d e .  

e f f e c t s  van i sh  a t  1 0  G H z .  They may be impor tan t  a t  S-band. I n  
o r d e r  t o  c o r r e c t  f o r  t hose  e f f e c t s ,  one would have t o  e s t i m a t e  t h e  
geometry, know l a t i t u d e  and l o n g i t u d e ,  time o f  day (sun t ime i n  t h e  
ionosphe re ) ,  the p e r i o d  of t h e  sunspot  c y c l e  (11  y e a r s ) ,  e t c .  The 
v a r i a b i l i t y  o r  dependence of  Ne(h) on t h e s e  f a c t o r s  i s  n o t  a v a i l a b l e  
from t h e  documents reviewed by t h e  a u t h o r .  

A t  t h e  p r e s e n t  t ime i t  does n o t  seem reasonab le  t o  measure t h e  
ionosphe r i c  e l e c t r o n  d e n s i t i e s ,  Thus, if i o n o s p h e r i c  e f f e c t s  are 
t o  be c o r r e c t e d ,  t h e o r e t i c a l  models must be g e n e r a t e d .  

F o r t u n a t e l y ,  t h e  magnitude of c o r r e c t i o n  r e q u i r e d  i s  s m a l l .  The 
AD HOC Committee on Elec t romagnet ic  P ropaga t ione  has  computed t h e  
e f f e c t s  of both ionosphe r i c  and a tmospher ic  c o r r e c t i o n s  f o r  a r eason-  
ab ly  s e v e r e  geometry a t  2 GHz. 

The l a t t e r  e f f e c t  can a l t e r  Ne by an 
Th i s  l a y e r  i s  a l s o  a f u n c t i o n  of  l a t i t u d e  and 

Because of the  s t r o n g  dependence on f requency ,  t h e  i o n o s p h e r i c  

4 - 4  

- 

1 
1 
I 
I 
I 
E 
I 
I 
I 
I 
I 
I 
U 
I 
I 
I 
I 
I 
1 



The geometry i s  

h = 1 6 0  n.m., a l t i t u d e  

R = 660  n.m., range 

8 = 6O, e l e v a t i o n  ang le  

V = 1 0 , 0 0 0  f t / s e c ,  t a n g e n t i a l  

Mean Atmospheric C o r r e c t i o n  

S tandard  Devia t ion  

A t m o  s phe r i c V e  l o c i  t y Cor rec t  i o n  

Mean Ionosphe r i c  Cor rec t ion  

S tanda rd  Devia t ion  

I o n o s p h e r i c  Ve loc i ty  Cor rec t ion  

v e l o c i t y  

AD HOC AMR 

18.3 m 
6 0 . 0  f t .  1 9 . 0  meter 

0 . 0 9 7  m 
0.3 f t .  ' 0 . 6  meter 

0 . 0 0 7 6  m/sec 
0 . 0 2 5  f t / s e c  

1.37 m 
4 . 5  f t .  

0 .009  m 
0 . 0 3  f t .  

0.065 m/sec 
0 . 2  f t / s e c  

W . W .  

1 8 . 0  m.  

1 . 3  m. 

For  comparison t h e  atmospheric  c o r r e c t i o n s  u s i n g  t h e  r e g r e s s i o n  
method and s u r f a c e  index of r e f r a c t i o n  a r e  inc luded .  The AMR column 
i s  u s i n g  t h e  A t l a n t i c  M i s s i l e  Range d a t a  and t h e  W . W .  column u s i n g  
t h e  world-wide d a t a  i n  t h e  r e g r e s s i o n  equa t ions  f o r  n e a r l y  t h e  same 
geometry.  The AD HOC committee a tmospheric  c o r r e c t i o n s  use t h e  CRPL 
Exponen t i a l  Reference Atmosphere w i t h  c a l c u l a t i o n s  by Bean and Cahoon 
i n  1957. The s t a n d a r d  d e v i a t i o n  was based upon e s t i m a t e s  of  r e s i d -  
u a l s  u s i n g  t h i s  method. The subsequent d a t a  used i n  t h e  r e g r e s s i o n  
method r e v e a l e d  l a r g e r  va r i ances .  

which e x t r a p o l a t e d  t o  1 0 0 0  km should  y i e l d  s t a n d a r d  d e v i a t i o n s  c l o s e r  
t o  1 meter .  (A l i n e a r  e x t r a p o l a t i o n  i s  n o t  l e g i t i m a t e ,  s i n c e  some 
o f  t h e  p a t h  i s  superatmosphere and some i s  i n  r e l a t i v e l y  more s t a b l e  
p o r t i o n s  of t h e  atmosphere.)  

T h i s  p a r t i c u l a r  t a r g e t  i s  in  t h e  ionosphere ,  i n  f a c t ,  very  n e a r  
t h e  peak  o f  t h e  e l e c t r o n  d e n s i t y .  
s p h e r i c  r e t a r d a t i o n  has  occurred  andnea r ly  t h e  maximum v e l o c i t y  e r r o r  

A t e s t  over  a 15-km p a t h  had s t a n d a r d  d e v i a t i o n s  of  0.03 meter  

Perhaps o n e - t h i r d  o f  t h e  iono-  
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w i l l  be seen ,  The t o t a l  r e t a r d a t i o n  through t h e  ionosphere  v e r t i -  
c a l l y  can reach as h igh  a s  an e q u i v a l e n t  range c o r r e c t i o n  of  about  
5 meters. 

The maximum range ra te  e r r o r  ’occurs where 3Ne(h)/a’h i s  maximum, 
s i n c e  t h e  r a t e  e r r o r  depends l a r g e l y  on t h e  angu la r  d e v i a t i o n  a t  
t h e  v e h i c l e .  This  w i l l  occur  on t h e  lower s i d e  of  t h e  F l a y e r  n o t  
t oo  f a r  from the peak d e n s i t y  l e v e l .  

4 .1 .3  Conclusions 

On t h e  b a s i s  o f  t h e  review o f  t h e  r e a d i l y  a v a i l a b l e  l i t e r a t u r e ,  
i t  i s  n o t  p o s s i b l e  t o  adequate ly  d e f i n e  a method of  range and range 
r a t e  c o r r e c t i o n s  i n  t h e  manner t h a t  has  been done f o r  a tmospher ic  
c o r r e c t i o n s .  I t  i s  known t h a t  t h e i r  e f f e c t  i s  s i g n i f i c a n t l y  l ess  
and, on range only ,  of t h e  o r d e r  of a few times t h e  equipment r e s o l u -  
t i o n  and of t he  o r d e r  of  t h e  v a r i a t i o n  i n  a tmospheric  c o r r e c t i o n s .  
F o r  v e h i c l e s  w i th in  t h e  F l a y e r ,  t h e  r a t e  c o r r e c t i o n s  may be impor- . 

t a n t .  Here the  e f f e c t  i s  r eve r sed .  The ionosphere  c o n t r i b u t e s  an 
e r r o r  t h a t  can be t e n  times r a t e  r e s o l u t i o n  and t h e  a tmospher ic  
c o r r e c t i o n s  can be ignored .  

#‘ 

The theo ry  of i onosphe r i c  e f fec ts  appears  t o  be w e l l  known. A 
much more exhaus t ive  look a t  t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  a s  a 
f u n c t i o n  of p o s i t i o n ,  time of day, y e a r ,  and s o l a r  c y c l e  i s  r e q u i r e d  
t o  determine the r e l a t i v e  importance of t h e s e  f a c t o r s .  These same 
t y p i c a l  missions should  be p o s t u l a t e d  and t h e  e r r o r s  c a l c u l a t e d .  
This  w i l l  y i e l d  a b e t t e r  unders tanding  o f  t h e  magnitude of  t h e  c o r -  
r e c t i o n s .  I t  may prove t h a t ,  i n  g e n e r a l ,  i o n o s p h e r i c  e f f ec t s  can 
be n e g l e c t e d  or  a t  l e a s t  ignored  f o r  r e a l -  time a p p l i c a t i o n s .  

The proposed a tmospher ic  c o r r e c t i o n  methods f o r  range  appear  t o  
be t h e  b e s t  p o s s i b l e .  Rate c o r r e c t i o n s  probably  can be ignored .  

4 . 2  GEOMETRICAL DILUTION OF PRECISION - -  GDOP 

The o v e r a l l  o p e r a t i o n a l  accuracy or  performance of  a p o s i t i o n  
determining system such a s  AROD i s  i n f l u e n c e d  by t h e  fo l lowing  
f a c t o r s :  

1. The b a s i c  measurement accuracy of  t h e  equipment which can 
be s p e c i f i e d  i n  terms of a b i a s  which v a r i e s  very  s lowly  
wi th  r e s p e c t  t o  t h e  d a t a  measurement r a t e  and a random 
j i t t e r  which e x i s t s  because t h e  system i s  o p e r a t i n g  wi th  a 
f i n i t e  (S/N) r a t i o .  

2 ,  The propagat ing  media ( i o n o s p h e r i c  and a tmospher ic )  causes  
sma l l  r e s i d u a l  e r r o r s  i n  t h e  measurements even a f t e r  t h e  
b e s t  a v a i l a b l e  c o r r e c t i o n  t echn iques  have been used .  
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3. The accuracy t o  which t h e  ground t r ansponder s  can be l o c a t e d  I i n  t h e  coord ina te  system be ing  used .  
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4 ,  The t echn iques  of  d a t a  a n a l y s i s  u sed ,  e . g . ,  f i t t i n g  a 
curve  d e f i n e d  by o r b i t a l  mechanics t o  t h e  d a t a  p o i n t s  i n  a 
l e a s t  squa re  sense .  

I n  t h i s  s e c t i o n  t h e  p o s i t i o n  accuracy  t h a t  can be achieved  by 
u s i n g  AROD i s  c a l c u l a t e d  us ing  t h e  fo l lowing  assumptions.  

1. The sources  o f  e r r o r  a r e  grouped i n t o  t h o s e  which a r e  a s -  
sumed c o n s t a n t  ove r  p e r i o d s  of s e v e r a l  minutes  such a s  
equipment b i a s  e r r o r s ,  t ransponder  c o o r d i n a t e  e r r o r s  and 
some p ropaga t ion  e r r o r s ,  and those  whose e r r o r s  vary  more 
r a p i d l y ,  such as thermal  n o i s e  induced j i t t e r  and some 
types  of  p ropaga t ion  e r r o r s .  

2 ,  A l l  o f  t h e  e r r o r s  a r e  assumed t o  be Gaussian d i s t r i b u t e d  
which a l lows  a l l  of t h e  s h o r t  term and a l l  o f  t h e  long  term 
e r r o r s  t o  be combined on an rms b a s i s .  

3 .  The p o s i t i o n  e r r o r  produced by t h e  s h o r t  term v a r i a t i o n s  can 
be reduced by smoothing ( r e p e a t e d  measurements) wh i l e  t h e  
long term ones cannot .  

4 .  I n  t h i s  a n a l y s i s ,  no s o p h i s t i c a t e d  d a t a  r e d u c t i o n  t echn iques ,  
such as curve  f i t t i n g  t o  an assume'd o r b i t ,  a r e  used because 
they  do n o t  l e n d  themselves t o  o b t a i n i n g  n e a r  r ea l  time 
p o s i t i o n  in fo rma t ion ;  and second,  a v a r i e t y  of  t echn iques  
may be used ,  each  o f  which w i l l  p rov ide  a s l i g h t l y  d i f f e r e n t  
v a l u e .  

I n  a l l  o f  t h e  a n a l y s e s  which fo l low,  a range e r r o r  and a ground 
t r ansponder  p o s i t i o n  u n c e r t a i n t y  a r e  assumed f o r  purposes  of  
numer ica l  computa t ions .  S ince ,  i n  many of  t h e  c a s e s  ana lyzed ,  t h e  
r e s u l t i n g  e r r o r  i s  l i n e a r l y  r e l a t e d  t o  t h e  assumed i n p u t  e r r o r s ,  
u n i t y  e r r o r s  were assumed which a l lows  convenient  s c a l i n g  t o  any 
v a l u e  o f  i n p u t  e r r o r .  

4 . 2 . 1  Three S t a t i o n  GDOP 

I n  t h i s  a n a l y s i s ,  a t y p i c a l  range measurement i s  g iven  by 

3 
j = 1, 2 ,  3 

where 
X i  = v e h i c l e  c o o r d i n a t e s ,  i = 1, 2 ,  3 

X i j  = ith p o s i t i o n  coord ina te  o f  t h e  j t h  t r ansponder  

. 

Q 

r = s l a n t  range  between the  v e h i c l e  and t h e  j t h  t r ansponder .  
j 

4 - 7  



This  s y s t e m o f  equa t ions  can be 1 . inear ized  by e i t h e r  

1. Expanding equa t ion  1 i n  terms of increments  and n e g l e c t i n g  
second o r d e r  terms, e . g . ,  'Zlj + ( r j  + A r . ) ,  3 X i  -+ (Xi + AXi) 
and X i j  -+ (Xi j  + A X i j ) .  

2 .  Using a Mac lau r in ' s  se r ies  expansion and dropping a l l  t h e  
second o r d e r  and h i g h e r  terms. * 

These two ope ra t ions  a r e  e q u i v a l e n t  and produce equa t ion  2 

By t a k i n g  the  p a r t i a l  d i f f e r e n t i a l s  i n d i c a t e d ,  t h e  r e s u l t s  can 
be r ea r r anged  s o  t h a t  t h e  unknown AXi ( t h e  v e h i c l e  p o s i t i o n  co-  - .  
o r d i n a t e )  can 'be expressed  i n  terms of  t h e  known 
urement u n c e r t a i n t y )  and A X i j  ( u n c e r t a i n t y  of  t h e  c o o r d i n a t e s  of 
t h e  ground t r ansponder s ) .  
t h r e e  unknowns which a l lows  s o l u t i o n  f o r  t h e  A X . ' s .  The p o s i t i o n  
u n c e r t a i n t y  va lues  given i n  t h i s  s e c t i o n  a r e  foand by 

A r  j ( range meas- 

This  forms a s e t  of t h r e e  equa t ions  and 

(2 j = 1  A r j 2 )  

When t h e  i n p u t  u n c e r t a i n t i e s  a r e  e q u a l  t o  u n i t y ,  t h e  v a l u e  c a l c u -  
l a t e d  g ives  an i n d i c a t i o n  of t h e  e r r o r  m a g n i f i c a t i o n ,  o r  blowup, 
which i s  a l s o  c a l l e d  t h e  GDOP. 

GDOP curves  were c a l c u l a t e d  f o r  t h e  t h r e e  s t a t i o n  system con- 
f i g u r a t i o n  shown i n  F igu re  4 - 1 ,  which i s  t y p i c a l  of one f l i g h t  
p r o f i l e  t h a t  might be encountered  i n  o p e r a t i o n  w i t h  a low a l t i t u d e  
s a t e l l i t e .  I n  t h i s  geometry, t h e  p a t h  of t h e  v e h i c l e  i s  assumed 
t o  be a s t r a i g h t  l i n e  because t h e  r e s u l t s  a r e  n e a r l y  t h e  same as 
f o r  an e l l i p t i c a l  p a t h ,  except  a t  low e l e v a t i o n  a n g l e s .  F igure  
4 - 2  shows t h e  GDOP o r  p o s i t i o n  u n c e r t a i n t y  when t h e  t o t a l  range 
e r r o r  i s  equal  t o  one meter  and t h e  ground s t a t i o n  e r r o r  i s  zero .  

VonBun F.O., Analysis  o f  t h e  Range and Range Rate Tracking  System 
IRE Transac t ions  on Space E l e c t r o n i c s  and Telemet ry ,  June  6 2 ,  
p. 9 7 - 1 0 7 .  
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6 In  F igure  4 - 2 ,  s e v e r a l  d i f f e r e n t  curves  a r e  shown f o r  v a r i o u s  
values  o f  N where N r e p r e s e n t s  t h e  number of  s e t s  .of s t a t i s t i c a l l y  
independent  range measurements used  t o  compute a g iven  p o s i t i o n .  
For example, when N > 1 ,  t h e  GDOP is reduced by a f a c t o r  equa l  t o  
1 / < N .  I t  i s  impor tan t  t o  no te  t h a t  t h i s  r e d u c t i o n  i s  p o s s i b l e  only  
when 

1. The range e r r o r s  a r e  s h o r t  term, wi th  r e s p e c t  t o  t h e  d a t a  
measurement i n t e r v a l ,  and 

2 .  A curve f i t t i n g  technique i s  used,  when t h e  v e h i c l e  i s  
moving. 

The curve f i t t i n g  technique i s  r e q u i r e d  because when t h e  ve-  
h i c l e  i s  moving, t h e  va lues  measured a r e  s lowly  changing, and t h i s  
v a r i a t i o n  must be accounted f o r  i n  t h e  smoothing procedure  used.  
F igu re  4 - 3  shows t h a t ,  i f  t h e  ranging  i s  s e t  e q u a l  t o  zero  and t h e  
t r ansponder s  have an u n c e r t a i n t y  o f  l m  i n  each of  t h e i r  c o o r d i n a t e s ,  
t h e  GDOP which r e s u l t s  i s  e x a c t l y  equa l  t o  t h a t  shown i n  F igure  
4 - 2  w i t h  N = 1. 

F igure  4 - 4  shows t h a t  when t h e  ranging  u n c e r t a i n t y  and t h e  
ground s t a t i o n  c o o r d i n a t e  u n c e r t a i n t y  are e q u a l ,  t h e  GDOP i s  i n -  
c r e a s e d  by a f a c t o r  of  $2. In  t h i s  graph i t  i s  assumed t h a t  
smoothing can reduce t h e  range measurement u n c e r t a i n t y  b u t  it does 
n o t  reduce t h e  e f f ec t  of  t h e  ground s t a t i o n  u n c e r t a i n t y .  There- 
f o r e ,  when N i s  l a r g e  ( e . g . ,  l O O O ) ,  t h e  curve approaches t h e  one 
shown i n  F igure  4 - 3 ,  i n  which ranging  u n c e r t a i n t y  was zero .  

4 . 2 . 2  Redundant S t a t i o n  GDOP 

When f o u r  o r  more ground s i tes  make s imultaneous measurements, 
redundant  equa t ions  a r e  obta ined  which produce m u l t i p l e  s o l u t i o n s .  
I n  t h i s  a n a l y s i s ,  a l e a s t  squares  approach was used t o  l o c a t e  t h e  
v e h i c l e  p o s i t i o n  and compute t h e  GDOP. B a s i c a l l y ,  GDOP was ca l -  
c u l a t e d  by s e l e c t i n g  v e h i c l e  coord ina te s  which minimized t h e  rms 
d i f f e r e n c e  between t h e  measured ranges and t h e  range t o  t h e  "op- 
timum" v e h i c l e  p o s i t i o n .  Figure 4 - 5  shows a comparison o f  t h e  
GDOP which occurs  f o r  a t h r e e -  and a f o u r - s t a t i o n  c o n f i g u r a t i o n .  
When t h e  f o u r t h  s t a t i o n ,  shown by t h e  u n f i l l e d  c i r c l e  i s  added, t h e  
GDOP i s  cons ide rab ly  reduced f o r  r eg ions  a long  t h e  n e g a t i v e  X 
a x i s ;  b u t  f o r  r eg ions  a long  the X a x i s  where t h e  v e h i c l e  i s  i v e r  2 t h e  t r i a n g l e  de f ined  by the t h r e e  o r i g i n a l  s t a t i o n s ,  t h e  improve- 
ment i s  approximately 10-15%.  F u r t h e r  a long t h e  p o s i t i v e  X 2  ' ax i s ,  
t h e  improvement i s  i n  t h e  range of 2 0 - 2 5 % .  Since  AROD normally.  I 

makes s imul taneous  ranging measurements from f o u r  ground t ranspon-  
d e r s ,  t h i s  f e a t u r e  a lone  shows i t  p rov ides  reduced GDOP compared 
t o  a system which uses  only  t h r e e  ground s t a t i o n s .  

range  measurements reduced the mean squa re  ranging  e r r o r  and t h e r e -  
f o r e  improved t h e  p o s i t i o n  accuracy. The degree of improvement 
i s  a f u n c t i o n  of t h e  s t a t i o n  geometry. For example, i f  a t h r e e -  
s t a t i o n  c o n f i g u r a t i o n  has  poor geometry and t h e  l o c a t i o n  of a f o u r t h  

In  summary, t h e  r e s u l t s  of  t h i s  a n a l y s i s  showed t h a t  redundant 
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s t a t i o n  provides  a much improved e q u i v a l e n t  t h r e e - s t a t i o n  geometry, 
t h e  r e d u c t i o n  i n  GDOP i s  q u i t e  s i g n i f i c a n t ;  b u t  i f  a good t h r e e -  
s t a t i o n  c o n f i g u r a t i o n  e x i s t s  and a f o u r t h  s t a t i o n  i s  added which 
does n o t  g r e a t l y  improve t h e  geometry, t h e  r e d u c t i o n  i n  GDOP i s  
r a t h e r  sma l l .  

4 . 2 . 3  Surveying a New Ground S t a t i o n  

Assume t h a t  t h e  v e h i c l e  makes a p a s s  over a complex o f  f o u r  
ground s t a t i o n s ,  and t h e  l o c a t i o n s  of t h r e e  of t h e  ground s t a t i o n s  
a r e  known ( t o  a s p e c i f i e d  accuracy)  whi le  t h e  l o c a t i o n  of  t h e  
f o u r t h  s t a t i o n  i s  known only  i n  very  g ross  terms. Simultaneous 
range measurements a r e  made t o  t h e  s e t  of f o u r  ground s t a t i o n s  a t  
t h r e e  d i f f e r e n t  v e h i c l e  p o s i t i o n s .  Measurements made u s i n g  t h e  
t h r e e  ground s t a t i o n s  whose p o s i t i o n s  a r e  known (bu t  i n c l u d i n g  a 
s p e c i f i e d  unce r t a in ty ) .  a r e  used t o  determine t h e  p o s i t i o n  uncer -  
t a i n t y  of t h e  v e h i c l e  a t  t h r e e  l o c a t i o n s .  

The u n c e r t a i n t y  of  t h e  v e h i c l e  p o s i t i o n  a t  t h e s e  t h r e e  l o c a -  
t i o n s  becomes t h e  e q u i v a l e n t  o f  a ground s t a t i o n  u n c e r t a i n t y ,  s i n c e  
t h e s e  t h r e e  v e h i c l e  p o s i t i o n s  a r e  used a s  r e f e r e n c e  p o i n t s  from 
which range measurements a r e  made t o  compute t h e  p o s i t i o n  of  t h e  
new ground s t a t i o n .  Thus, t h e  GDOP a n a l y s i s  i s  performed twice. 
F i r s t ,  i t  i s  c a l c u l a t e d  f o r  t h r e e  v e h i c l e  p o s i t i o n s  u s i n g  t h e  t h r e e  
ground s t a t i o n s  whose c o o r d i n a t e s  a r e  known. Then, t h e  computa- 
t i o n  sequence i s  r e p e a t e d  u s i n g  t h e  t h r e e  v e h i c l e  p o s i t i o n s  assumed 
above a s  e q u i v a l e n t  ground s t a t i o n s  when t h e  unknown ground s t a t i o n  
i s  be ing  l o c a t e d .  I n  t h e  second computat ion,  t h e  GDOP c a l c u l a t e d  . 
t h e  f i r s t  t i m e  becomes t h e  e q u i v a l e n t  ground s t a t i o n  p o s i t i o n  un- 
c e r t a i n t y .  

The r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  p r e s e n t e d  f i r s t  and then  
a b r i e f  o u t l i n e  of t h e  mathematical  s t e p s  used i s  g iven .  F i g u r e ’  
4-6a shows the9 geometry o f  t h e  t h r e e  known ground s t a t i o n s  and 
t h e  p o s i t i o n  o f  t h e  s t a t i o n  be ing  surveyed.  F igu res  4-6b, c ,  
and d show t h r e e  d i f f e r e n t  v e h i c l e  p o s i t i o n  geometr ies  when t h e  
new ground s t a t i o n  i s  be ing  l o c a t e d .  I n  t h e  c o n f i g u r a t i o n s  used ,  
t h e  h e i g h t  ( a l t i t u d e )  of t h e  v e h i c l e  was s e t  e q u a l  t o  one u n i t .  

Normalized o r  r e l a t i v e  d i s t a n c e s  can be used  i n  t h e  GDOP c a l -  
c u l a t i o n s  because t h e  d i r e c t i o n  c o s i n e s  r a t h e r  t han  t h e  a c t u a l  
d i s t a n c e s  in f luence  t h e  r e s u l t s .  I n  F igu re  4-6b,  c ,  and d ,  t h e  
numbers i n  pa ren theses  correspond t o  t h e  GDOP c a l c u l a t e d  a t  each 
p o i n t  under the assumption t h a t  t h e  t h r e e  ground s t a t i o n s  have no 
p o s i t i o n  u n c e r t a i n t y .  F o r  t h e  t h r e e  v e h i c l e  p o s i t i o n  c o n f i g u r a t i o n s  
chosen,  t h e  GDOP v a r i e d  from 7 . 0  t o  10 .0 .  Since  no technique  was 
developed t o  f i n d  t h e  a b s o l u t e  minimum v a l u e ,  i t  can be assumed 
t h a t  GDOP va lues  under seven a r e  p o s s i b l e ,  b u t  i t  i s  expec ted  they  
w i l l  n o t  g e t  much s m a l l e r  because t h e  GDOP i n  l o c a t i n g  t h e  v e h i c l e  
v a r i e s  between two and t h r e e .  

T h i s  c a l c u l a t i o n  shows t h a t  t h e  GDOP encountered  i n  l o c a t i n g  
a new ground s t a t i o n  i s  r easonab le  and,  t h e r e f o r e ,  t h i s  r e p r e s e n t s  
a u s e f u l  technique.  
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Now c o n s i d e r  t h e  mathematics used  i n  o b t a i n i n g  t h e  above re- 
s u l t s .  The system of equa t ions  was l i n e a r i z e d  a s  d e s c r i b e d  pre- 

AR 

v i o u s l y  and k i t t e n  i n  'matrix n o t a t i o n  

c 0 

0 

[: 0 0 :I 
31 '32 a33 a 

Axl 
0 [2]+ [ a 2 1  0 

Ax3 A 

- 
a s  shown below. 

A 2  
0 0 

2 2  a23 
0 0 

a 

AP 

Ax2 

a13 aZ3]  [ 
a33 

Ax22  + 
"321 

where t h e  a e lements  r e p r e s e n t  t h e  d i r e c t i o n  c o s i n e s  g iven  by 
c i j  

( X i r ;  X i 3  . . ' ,  

The above e q u a t i o n s  can be s i m p l i f i e d  n o t a t i o n a l l y  by r e p r e s e n t i n g  
t h e  a c t u a l  m a t r i x  w i t h  t h e  l e t t e r  shown above each m a t r i x .  Th i s  
e q u a t i o n  Can be s o l v e d  f o r  t h e  components o f  t h e  v e h i c l e  p o s i t i o n  
e r r o r  [ A P ] ,  a s  shown by 

S i n c e  t h e  v a r i a t i o n s  i n  t h e  c o o r d i n a t e s  and t h e  range measurements 
a r e  assumed t o  be s t a t i s t i c a l l y  independent ,  t he  cova r i ance  of  
4 P  i s  g iven  by 

4 - 1 7  

The c o v a r i a n c e  m a t r i x  o f  t h e  v e h i c l e  p o s i t i o n  e r r o r  i s  g iven  by 

COV ( A P )  = [AP] [APT] where [AP i s  t h e  t r a n s p o s e d  [AP] matrix. 



. This  e q u a t i o n  is  very  h e l p f u l  i n  t h e  survey problem when i t  i s  

r e p r e s e n t s  t h e  covar iance  recognized  t h a t  ( ['xi 1 IhliT] ) 
m a t r i x  of t h e  coord ina te  u n c e r t a i n t i e s  o f  t h e  ith s t a t i o n .  Thus, 
t h e  above equa t ion  can a l s o  be w r i t t e n  as 

T COV ( AP)  = [A-']  x I COV( AR) + A,[COV( AX,)] A1 I 

I n  c a l c u l a t i n g  t h e  GDOP f o r  su rvey ing  a new s t a t i o n ,  t h e  fo l lowing  
procedure was used. 

1. Compute t h e  covar iance  m a t r i c e s ,  COV(AP), f o r  t h r e e  ve- 
h i c l e  p o s i t i o n s  us ing  t h e  t h r e e  ground s t a t i o n s  whose 
p o s i t i o n s  a r e  known. 

2 .  Use t h e  t h r e e  covar iance  m a t r i c e s  from s t e p  1 a s  t h e  t h r e e -  
s t a t i o n  c o o r d i n a t e  covar iance  m a t r i c e s  and t r e a t  t h e  f o u r t h  
s t a t i o n  a s  t h e  unknown, The m a t r i x  A becomes t h e  d i r e c t i o n  
c o s i n e s  from t h e  f o u r t h  s t a t i o n  t o  each of t h e  t h r e e  v e h i c l e  
p o s i t i o n s ,  and A1, A 2 ,  and Ag a r e  de r ived  from A a s  b e f o r e .  

A computer program was w r i t t e n  t o  perform t h e s e  s t e p s  and 
a p p l i e d  t o  s e v e r a l  c o n f i g u r a t i o n s ,  

4 . 2 . 4  S i m p l i f i e d  Two Dimensional Analys is  

I n  t h e  preceding s e c t i o n s ,  t h e  approach taken  was t o  l i n e a r i z e  
t h e  system o f  equa t ions ,  p u t  them i n  ma t r ix  form and then  c a l c u l a t e  
GDOP va lues  on a computer. While t h i s  t echn ique  i s  very  e f f e c t i v e  
i n  a r r i v i n g  a t  answers t o  p a r t i c u l a r  geomet r i e s ,  i t  does n o t  p rov ide  
much i n s i g h t  on how t h e  GDOP v a r i e s  w i t h  system geometry. There-  
f o r e ,  i t  was decided t o  d e r i v e  e q u a t i o n s  which expres s  t h e  GDOP a s  
a f u n c t i o n  o f  t he  angles  involved .  I n  t h e  a n a l y s i s  t h a t  f o l l o w s ,  
t h e  express ions  were s i m p l i f i e d  by r e s t r i c t i n g  t h e  system t o  a 
two-dimensional geometry. 

F igure  4 - 7  shows a diagram of  a t y p i c a l  system geometry. The 
p o s i t i o n  coord ina te s  o f  t h e  v e h i c l e  a r e  given by 

x = f l ( a , b )  Y = f 2 b ' b )  

By t a k i n g  p a r t i a l  d e r i v a t i v e s ,  t h e  p o s i t i o n  e r r o r ,  A P ,  g iven  by 
t h e  squa re  root  of t h e  sum of t h e  s q u a r e s  o f  t h e  e r r o r s  x and y ,  
which can be w r i t t e n  a s  
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2 2 L 

AP2 = \  2 [(?) Aa2 + (2) 
i=l 

+ 2 (:)(:) Aa Ab]\ 

1 .  

Ab2 

where Aa and Ab r e p r e s e n t  incrementa l  v a r i a t i o n s  i n  t h e  range 
measurements a and b ,  r e s p e c t i v e l y ,  

ranging  e r r o r s ,  Abp and t h e  inc remen ta l  p o s i t i o n  e 5 r o r ,  
AP, g ives  t h e  v a r i a n c e  o r  t h e  s t a n d a r d  d e v i a t i o n  squa red ,  Q o f  
each  of  t h e s e  q u a n t i t i e s ,  s i n c e  t h e  means a r e  a l l  equa l  t o  ze ro .  
This  produces t h e  fo l lowing  expres s ion :  

Taking t h e  temporal averages of  t h e  squa res  of t h e  inc remen ta l  
Aa and 

i=l 

+2p (?)(?)u ha u Ab 

denotes t h e  RMS v a r i a t i o n  of t h e  s u s c r i p t e d  v a r i a b l e .  7 1 where 

The p a r t i a l s  with r e s p e c t  t o  x are r e a d i l y  found a s  

b u t  t h e  p a r t i a l s  w i t h  r e s p e c t  t o  y r e q u i r e  c o n s i d e r a b l y  more manip- 
u l a t i v e  e f f o r t  i n  a r r i v i n g  a t  t h e  e x p r e s s i o n s  

2 = cos a 
a b  s iny 

I 
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When these  f o u r  p a r t i a l s  a r e  s u b s t i t u t e d  back i n t o  t h e  equa t ion  
f o r  (crAp)’ and a p p r o p r i a t e  s i m p l i f i c a t i o n s  made, t h e  e x p r e s s i o n  

i s  ob ta ined .  This  equa t ion  shows t h a t  t h e  rms e r r o r  magn i f i ca t ion  
i s  p r o p o r t i o n a l  t o  ( l / s i n  y ) where y i s  t h e  inc luded  angle  be-  
tween t h e  ground s t a t i o n s  a s  measured a t  t h e  v e h i c l e .  
t i o n  a l s o  shows t h a t  t h e  c o r r e l a t i o n  between t h e  range e r r o r s  
a f f e c t s  t h e  p o s i t i o n  e r r o r .  

The equa- 

In  t h e  AROD system, i t  i s  expected t h a t  a smal l  degree o f  c o r -  
r e l a t i o n  may e x i s t  i n  t h e  range e r r o r s  due t o  common e f f e c t s  w i t h i n  
t h e  v e h i c l e  r e c e i v e r  and some c o r r e l a t i o n  o f  t h e  p ropaga t ion  i n -  
duced e r r o r s .  I f  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  p , i s  p o s i t i v e  as 
w e  might normally e x p e c t ,  t h e  e f f e c t  o f  t h e  c o r r e l a t i o n  i s  t o  reduce 
t h e  p o s i t i o n  e r r o r  when y i s  < 90’. When t h e  sigmas a r e  assumed 
t o  be equa l  and t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  p , i s  s e t  equa l  t o  
z e r o ,  t h e  equa t ion  f o r  uAP reduces t o  

For a t h ree -d imens iona l  geometry, t h e  expres s ion  becomes 
2 

i=l 

where aRi = range measurement from ith ground s t a t i o n  

Yi = i nc luded  angle  def ined  by 
< .  

1. l i n e  between t h e  v e h i c l e  and t h e  ith ground 
s t a t i o n  and 

2 .  p l a n e  def ined  by l i n e s  from t h e  v e h i c l e  t o  t h e  
remaining t w o  ground s t a t i o n s .  
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When a l l  sigmas are equal,‘  t h i s  e q u a t i o n  reduces t o  
.. 

and t h e r e f o r e ,  t h e  GDOP i s  e q u a l  t o  

1 / 2  
3 

1 

i=l 

1 
1 
I 
i 
I 

In  t h e  above e q u a t i o n s ,  i t  was shown t h a t  t h e  ang le  y , af fec ts  
t h e  magnitude o f  t h e  p o s i t i o n  u n c e r t a i n t y .  T h e r e f o r e ,  l e t  us  de-  
r i v e  an expres s ion  f o r  t h e  r m s  v a l u e  of  y . The ang le  y can be 
r e p r e s e n t e d  f u n c t i o n a l l y  as I 

Y = f (a ,  b) 

and by t a k i n g  p a r t i a l s ,  Ay i s  g iven  by 

Ay = (2) Aa + (2) Ab. 

A f t e r  s q u a r i n g  and t a k i n g  t h e  e x p e c t e d . v a l u e s ,  v a r i a n c e  of y i s  
given by 

The p a r t i a l s  c a n , b e  s i m p l i f i e d  t o  

= - (i) c o t  a 
aa 
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which, when s u b s t i t u t e d  i n t o  the equa t ion  above r e s u l t s  i n  t h e  
fo l lowing  g e n e r a l  e x p r e s s i o n  

i s  2 
A Y  

uAb 9 u F o r  t h e  s p e c i a l  case l e t  p = 0 ,  (X = 
given  by a 

‘Aa - and - - - 
b 

Th i s  e x p r e s s i o n  shows t h a t  as  y i n c r e a s e s ,  t h e  r m s  v a r i a t i o n  of 
y a l s o  i n c r e a s e s  when t h e  r a t i o  ((I R/R)  i s  k e p t  c o n s t a n t .  T h i s  
e q u a t i o n  has  a s i n g u l a r i t y  a t  y = 180° a s  does t h e  e q u a t i o n  f o r  
GDOP. The s i n g u l a r i t i e s  are caused by t h e  f i r s t  o r d e r  approxima- 
t i o n  used  f o r  d e r i v i n g  both  of t h e s e  e q u a t i o n s .  The equa t ion  f o r  
u 

AY 
(aAR/R) < 1 0  and y = 120°, u i s  approximate ly  0.01’. Th’is  i s  

s u f f i c i e n t l y  small  t o  j u s t i f y  t h e  p rev ious  assumption t h a t  y 
e q u a l l e d  a c o n s t a n t  i n  t h e  p rev ious  d e r i v a t i o n .  

P 
, 1  
s 

shows t h a t  f o r  r easonab le  ranging  accu racy ,  e . g . ,  
- 4  
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SECTION V 

5 .  AROD APPLICATIONS 

The purpose of t h e  AROD App l i ca t ions  Stucly was t o  s t i m u l a t e  ap- 
p l i c a t i o n s  of t h e  t echno log ie s  developed i n  t h e  AROD program. The 
fo l lowing  procedure was used: 

1. I d e n t i f y  p o t e n t i a l  a p p l i c a t i o n s  f o r  bo th  o p e r a t i o n a l  and 
exper imenta l  u ses  o f  AROD; 

2 .  Conduct a p re l imina ry  e v a l u a t i o n  of  t h e  p o t e n t i a l  a p p l i c a t i o n ;  

3 .  Make a d e t a i l e d  a n a l y s i s  of  t h o s e  a p p l i c a t i o n s  which appear  
p a r t i c u l a r l y  promising.  

Before t h e s e  t h r e e  t a s k s  were under taken ,  i t  was necessa ry  t o  
gene ra t e  a p p r o p r i a t e  documents d e s c r i b i n g  t h e  AROD system s o  t h a t  
p o t e n t i a l  u s e r s  cou ld  r e a d i l y  grasp t h e  AROD concept .  With t h i s  
o b j e c t i v e  i n  mind, two r e p o r t s  were w r i t t e n .  The f i r s t  was a 
s h o r t ,  conc i se  d e s c r i p t i o n  o f  the AROD system, w i t h  s imple block 
diagrams used t o  d e s c r i b e  t h e  b a s i c  o p e r a t i o n  o f  t h e  system. The 
m a t e r i a l  was p r e s e n t e d  i n  a manner t o  s t i m u l a t e  t h e  r e a d e r ' s  
i n t e r e s t  and n o t  bog him down wi th  d e t a i l s .  For those  who r e q u i r e d  
a d d i t i o n a l  i n fo rma t ion ,  a second document was p repa red  which con- 
t a i n e d  more of t h e  t e c h n i c a l  d e t a i l s .  This  r e p o r t ,  e n t i t l e d  "AROD 
S p e c i a l  Technica l  Report" went i n t o  c o n s i d e r a b l e  depth  on the  a c t u a l  
d e t a i l s  o f  t h e  AROD system. I t  covered t h e  g e n e r a l  AROD f e a t u r e s ;  
d e s c r i b e d  t h e  o p e r a t i o n  of  t h e  ranging  PN code g e n e r a t o r ,  t r a c k i n g  
r e c e i v e r ,  and Doppler r e v e r s e ,  and o u t l i n e d  t h e  o p e r a t i o n a l  sequences 
used f o r  a c q u i s i t i o n ,  s t a t i o n  keeping, d a t a  r e a d o u t ,  and vhf l i n k .  

In  a d d i t i o n ,  an appendix descr ibed  t h e  type  of  range code e r r o r  

Some o f  t h e  diagrams used i n  t h e s e  r e p o r t s  were made i n t o  over -  

s i g n a l s  developed i n  t h e  var ious  a c q u i s i t i o n  modes. 

head c e l l s  . t o  f a c i l i t a t e  exp lana t ion  o f  t h e  AROD concept a t  c o n f e r -  
ence p r e s e n t a t i o n s .  , .  

A f t e r  t h i s  i n fo rma t ion  was prepared ,  a survey was performed t o  
de te rmine  p o t e n t i a l  a p p l i c a t i o n s  f o r  t h e  AROD t echno log ie s .  The 
f o l l o w i n g  a r e a s  were i n i t i a l l y  d e f i n e d :  g e o d e t i c ,  ground and a i r  
p o s i t i o n  l o c a t i o n ,  m i s s i l e  t r a c k i n g  and/or  guidance and s a t e l l i t e  
t r a c k i n g ,  and oceanography u s e r s .  

Before  i d e n t i f i c a t i o n  o f  the p o t e n t i a l  was completed,  d i s -  
cussi~ns were h e l d  at H u n t s v i l l e  on nec ,  1 9 6 6  wi th  t h e  con- 
t r a c t  sponsors  and s t a f f  personnel  a t  t h e  A s t r i o n i c s  Laboratory 
of t h e  George C .  Marsha l l  S p a c e f l i g h t  Center .  A t  t h i s  meet ing ,  
t h e  r e p o r t s  p repa red  were reviewed and several .  sugges t ions  were 
made t o  improve them. These mod i f i ca t ions  were inco rpora t ed  
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befo re  t h e  documents were pub l i shed .  On J a n .  19,  1967 a p r e s e n t a -  
t i o n  was made t o  NASA's Office o f  Tracking  and Data A c q u i s i t i o n  
(OTDA) which i s  t h e  o f f i c e  t h a t  funded t h e ' A R O D  program through 
NASA, H u n t s v i l l e .  A s  a r e s u l t  o f  t h e s e  d i s c u s s i o n s ,  t h e  approach 
t o  be fo l lowed dur ing  t h e  a p p l i c a t i o n s  program was f i n a l i z e d .  

I n  t h i s  s e c t i o n ,  t h e  p r e v i o u s l y  mentioned items a re  grouped i n t o  
f o u r  a reas ;  survey a p p l i c a t i o n s ,  n a v i g a t i o n  a p p l i c a t i o n s ,  range 
i n s t r u m e n t a t i o n ,  and oceanography. These items are  d i s c u s s e d  
below i n  t h e  terms of  t h e  c o n t a c t s  made and a n a l y s e s  performed 
when t h e  a p p l i c a t i o n  appeared promising.  

5 . 1  SURVEY APPLICATIONS 

I n  t h i s  group, t h e  p o s s i b l e  a p p l i c a t i o n s  i d e n t i f i e d  were t a c t i c a l  
surveying  p a t t e r n e d  a long  t h e  requi rements  o f  LRSS and g e o d e t i c  
surveying  s imi la r  t o  GEOS-B and SECOR. 

5.1.1 T a c t i c a l  Survevinn 

AROD as i t  is p r e s e n t l y  implemented has  t h e  c a p a b i l i t y  o f  d e t e r -  
mining t h e  p o s i t i o n  and v e l o c i t y  o f  t h e  a i r b o r n e  v e h i c l e  and a l s o  
t h e  c a p a b i l i t y  of su rvey ing  o r  l o c a t i n g  t h e  p o s i t i o n  of  a new 
ground t ransponder .  

The t a c t i c a l  a p p l i c a t i o n  o f  AROD was based around a s imi la r  
system geometry. I n  t h i s  case,  t h e  v e h i c l e  equipment was l o c a t e d  
i n  an a i r c r a f t  whose p o s i t i o n  was de termined  by making r ang ing  
measurements w i th  t h r e e  ground t r ansponder s  (now c a l l e d  base  
s t a t i o n s )  whose p o s i t i o n  was known. Three ranging  channels  p ro -  
v ided  cont inuous in fo rma t ion  on t h e  p o s i t i o n  of t h e  a i r c r a f t  w h i l e  
t h e  f o u r t h  channel was a v a i l a b l e  t o  make r ang ing  measurements w i t h  
t h e  ground t ransponder  (now c a l l e d  forward obse rve r )  t o  be surveyed.  
Thus by f l y i n g  t h e  a i r c r a f t  t o  t h r e e  d i f f e r e n t  p o s i t i o n s  t h e  l o c a -  
t i o n  o f  t h e  forward obse rve r  could  be  determined.  A l a r g e  number 
o f  forward obse rve r s  can be accommodated by s e q u e n t i a l  i n t e r r o g a t i o n s .  

T h i s  a p p l i c a t i o n  was i n i t i a l l y  i d e n t i f i e d  i n  t h e  c o u r s e  of a 
p r e s e n t a t i o n  on J a n .  1 3 ,  1967 a t  t h e  Army Material  Command (AMC) i n  
Washington, D . C .  From t h i s  d i s c u s s i o n  i t  was l e a r n e d  t h a t  t h e  
t a c t i c a l  surveying  c a p a b i l i t y  p r e v i o u s l y  d e s c r i b e d  i s  ve ry  s imi l a r  
t o  t h e  Army's requirements  f o r  t h e  Long Range Survey System (LRSS). 
Contac ts  were made w i t h  pe r sonne l  from t h e  Off ice  o f  t h e  Chief of 
Engineers  (OCE) and GIMRADA. F u r t h e r  d i s c u s s i o n s  w i t h  t h e s e  con- 
t a c t s  prompted t h e  pe r sonne l  r e s p o n s i b l e  f o r  t h e  development of 
t h e  LRSS equipment, a t  GIBlRADA t o  v i s i t  blotorola on Feb. 9 ,  1967. 
They were shown t h e  AROD equipment and some of t h e  adisantages of 
u s ing  AROD t o  meet LRSS requi rements  were e x p l a i n e d .  

A s  a r e s u l t  of t h e i r  i n t e r e s t  i n  app ly ing  AROD t echn iques  t o  
t h e i r  needs ,  i t  was dec ided  t o  model t h e  AROD system around t h e  
LRSS requirements .  Before t h i s  e f f o r t  was unde r t aken ,  t h e s e  peop le  
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were c o n t a c t e d  on Sep t .  2 8 ,  1 9 6 7  t o  o b t a i n  a b e t t e r  a p p r e c i a t i o n  
of a l l  o f  t h e  s p e c i f i e d  requirements  f o r  a LRSS type a p p l i c a t i o n ,  
ldith t h i s  i n fo rma t ion  a s  background, a small document was prepared  
which d e s c r i b e s  how t h e  AROD system could  be modif ied t c  meet t h e  
LRSS needs.  
a t  GIFlRADA on Oct. 1 9 ,  1967 f o r  t h e  purpose o f  c l a r i f y i n g  t h e  
techniques  used i n  t h i s  system model. I t  was concluded from t h e s e  
d i s c u s s i o n s  t h a t  t h e  personnel  a t  GIMFNDA a r e  convinced t h a t  an 
AROD system w i t h  s l i g h t  mod i f i ca t ions  could  meet '  t h e  LRSS r e q u i r e -  
ments s a t i s f a c t o r i l y .  

This  e f f o r t  was cont inued  by r e v i s i t i n g  t h e  people  

From t h e  s t a n d p o i n t  o f  AROD a p p l i c a t i o n s ,  t h e  impor tan t  q u e s t i o n s  
a r e :  (1)  whether  o r  n o t  t h e r e  i s  going t o  be a new equipment 
development program f o r  a system meet ing t h e  LRSS requi.rements,  and 
( 2 )  t h e  t iming  of  t h e  program. A t  t h e  p r e s e n t  t ime,  t h e  answers t o  
t h e s e  q u e s t i o n s  a r e  somewhat tenuous.  I n i t i a l  in format ion  i n d i -  
c a t e d  t h a t  a procurement might be s t a r t e d  around February 1 9 6 8 ,  b u t  
a t  t h e  p r e s e n t  time t h i s  appears a b i t  o p t i m i s t i c .  I n  f a c t ,  i n -  
s u f f i c i e n t  i n fo rma t ion  i s  p r e s e n t l y  a v a i l a b l e  t o  mrke an adequate  
a p p r a i s a l  of t h e  s t a t u s  o f  t h e  program. 

Appendix A i s  a p o r t i o n  o f  t h e  m a t e r i a l  from t h e  AROD model o f  
t h e  LRPDS system. 
qui rements  t o  t h e  o r i g i n a l  AROD system a r e  q u i t e  obvious.  

The s i m i l a r i t y  of  t h e  system concepts  a!id re-  

5 . 1 . 2  Geodet ic  App l i ca t ions  . 
e x c e l l e n t  measurement accuracy makes i t  i d e a l l y  s u i t e d  f o r  s a t e l l i t e  
geodesy. Two programs a r e  a c t i v e  i n  t h i s  a r e a ,  SECOR and GEOS. 

The p o t e n t i a l  a p p l i c a t i o n  o f  AROD t o  an advanced SECOR was i n -  

The sma l l  s i z e  and weight of t h e  AROD equipment coupled w i t h  i t s  

v e s t i g a t e d  a t  a meeting h e l d  on January  13 ,  1 9 6 7  a t  t he  Army 
M a t e r i a l  Command f a c i l i t y .  T h i s  p r e s e n t a t i o n  was a t t ended  by a 
l a r g e  group of people  who r ep resen ted  t h e  Geodesy I n t e l l i g e n c e  
Mapping Research and Development Agency (GIMRADA), t h e  Army Map 
S e r v i c e  ( M I S ) ,  and t h e  O f f i c e  o f  t h e  Chief o f  Engineers (OCE). 
The r e s u l t s  of t h i s  d i s c u s s i o n  i n d i c a t e d  t h a t :  

1. The e x i s t i n g  SECOR s a t e l l i t e s  and ground s t a t i o n s  a r e  p ro -  
v i d i n g  p o s i t i o n  accu rac i e s  adequate  t o  meet m i l i t a r y  
requi rements .  

2 .  The ground complexes are  l a r g e ,  cumbersome and d i f f i c u l t  
t o  move from l o c a t i o n  t o  l o c a t i o n ,  and 

While t h e  problems i n d i c a t e d  i n  i tems 2 and 3 could be so lved  
w i t h  AROD, t h e  Army pe r sonne l  i n d i c a t e d  they  do not  have a fo l low-  
on program f o r  con t inu ing  geode t i c  su rveys .  They expec t  t o  o p e r a t e  
t h e  e x i s t i n g  SECOR network u n t i l  t h e  end of t h i s  y e a r ,  a t  which t ime 
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t h e i r  surveying program w i l l  be completed. I t  i s  d i f f i c u l t  t o  be- 
l i e v e  t h e  p i c t u r e  i s  a s  b l eak  as p o r t r a y e d  above b u t ,  i n  any e v e n t ,  
t h e  p o t e n t i a l  f o r  a p p l i c a t i o n  o f  AROD t o  Army g e o d e t i c  surveys  ap- 

t p e a r s  dim. A s  one might e x p e c t ,  t h e r e  a r e  s e v e r a l  groups which a r e  
charged w i t h  pursuing advanced survey  techniques  b u t ,  a t  t h e  
p r e s e n t  t ime, they have n o t  completely j e l l e d  and a s  a r e s u l t  
l i t t l e  p rog res s  has been made i n  d e f i n i n g  t h e  requi rements  f o r  a 
new system. 

NASA i s  pursuing s a t e l l i t e  geodesy under t h e  GEOS program. 
The GEOS B s a t e l l i t e  c o n t a i n s  f i v e  d i f f e r e n t  types  of  p o s i t i o n  
l o c a t i n g  systems - -  SECOR, Goddard Range and Range Rate ,  C-band 
r a d a r ,  f l a s h i n g  l i g h t s ,  and TRANSIT. The o b j e c t i v e  of  t h i s  program 
i s  two-fo ld ;  one is t o  compare t h e  c a p a b i l i t i e s  o f  each o f  t h e  
systems and the o t h e r  i s  t o  determine t h e  accuracy w i t h  which 
p o i n t s  on t h e  s u r f a c e  of  t h e  e a r t h  can be l o c a t e d  u s i n g  combined 
measurements from a l l  of  t h e s e  systems. 

AROD i s  i d e a l l y  s u i t e d  t o  t h i s  type of experiment  f o r  t h e  f o l -  
lowing reasons :  

1. The equipment makes a l l  i t s  measurements a t  t h e  v e h i c l e  
and, t h e r e f o r e ,  e l i m i n a t e s  t h e  , e f f ec t s  of  i n t e r s t a t i o n  
t iming  e r r o r s .  

The ground t r ansponder s  may be r e a d i l y  t r a n s p o r t e d  from 
s i t e  t o  s i t e  and r e q u i r e  no o p e r a t o r s .  

2 .  

3 .  The ranging accuracy p o s s i b l e  w i t h  t h e  AROD system exceeds 
t h a t  p o s s i b l e  w i t h  o t h e r  e x i s t i n g  r a d i o  ranging  systems 
such a s  a r e  used on t h e  p r e s e n t  GEOS-B s a t e l l i t e .  

The o b j e c t i v e  o f  t h e  Geodesy branch a t  NASA i s  t o  c o n t i n u a l l y  
improve t h e  accuracy o f  t h e  g e o d e t i c  q u a l i t i e s  such a s  t h e  h i g h e r  
o r d e r  c o e f f i c i e n t s  o f  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  and t h e  ac -  
curacy of  c o n t r o l  p o i n t s  used t o  t i e  v a r i o u s  l o c a l  map surveys  
t o g e t h e r .  Thus, AROD appears  i d e a l l y  s u i t e d  t o  t h i s  a p p l i c a t i o n .  

T h i s  a r e a  was i n i t i a l l y  i n v e s t i g a t e d  d u r i n g  a conference  w i t h  
personnel  from Geonautics on February 2 2 ,  1 9 6 7 .  A t  t h i s  meet ing ,  
i t  was l e a r n e d  t h a t  NASA was i n t e r e s t e d  i n  having Motorola perform 
a s tudy  t o  demonstrate a n a l y t i c a l l y  t h e  pcrformancc of AROD whcn 
f l y i n g  a t y p i c a l  Gcos t y p e  mis s ion .  

The s tudy  w o u l d  c o n t a i n  ana lyses  o f  t h e  fo l lowing  f o u r  a r e a s :  
AROD equipment accuracy ,  p ropaga t ion  anomal ies ,  geomet r i ca l  d i l u t i o n ,  
and d a t a  process ing  t echn iques .  

T h i s  program was d i s c u s s e d  a t  NASA h e a d q u a r t e r s  on J u l y  11, 1967. 
A t  t h i s  meeting, i t  was determined t h a t  NASA d e s i r e d  t h e  d a t a  
p r o c e s s i n g  a n a l y s i s  be done by a s u b c o n t r a c t o r  such a s  D. Brown and 
A s s o c i a t e s ,  Bissett-Burman, Wolf Research o r  Computer Usage. 
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P As a r e s u l t ,  t h e s e  companies were con tac t ed  and d i s c u s s i o n s  
were h e l d  r e l a t i v e  t o  the i . r  i n t e r e s t  i n  performing t h e  d a t a  
p r o c e s s i n g  s tudy .  A l l  o f  these  companies were i n t e r e s t e d  i n  t h e  
a n a l y s i s  bu t  t he  l i m i t e d  amount of funding a v a i l a b l e  f o r  t h i s  t a s k  
i n d i c a t e d  t h a t  s u b c o n t r a c t i n g  would be very  d i f f i c u l +  w i t h i n  the  
scope o f  t h i s  c o n t r a c t .  

Before a f i n a l  d e c i s i o n  was made on t h i s  program, ano the r  prob- 
lem developed.  Congress s e v e r e l y  r e s t r i c t e d  budgets f o r  most o f  
NASA's agencies  i n  r ega rd  t o  launching new programs. The combina- 
t i o n  o f  t h e s e  two f a c t o r s  has  r e s u l t e d  i n  t h e  e x a c t  s t a t u s  o f  t h i s  
program remaining undefined a t  t h e  p r e s e n t  t ime.  

5 . 2  NAVIGATION 

AROD was o r i g i n a l l y  designed as an ins t rument  f o r  nav iga t ion .  
Thus, i t  was only n a t u r a l  t h i s  a r e a  should  b e  i n v e s t j g a t e d  a s  a 
p o t e n t i a l  a p p l i c a t i o n  f o r  AROD. Two b a s i c  a r e a s  o f  i n t e r e s t  
were i d e n t i f i e d :  t h e  weapon system (WS120A) and s e v e r a l  naviga-  
t i o n  s a t e l l i t e  programs. 

5 .2 .1  WS120A 

Th i s  program has  been def ined  by t h e  A i r  Force as t h e  n e x t  
g e n e r a t i o n  of  advanced I C B M ' s .  S ince  t h i s  program has n o t  been 
f o r m a l l y  au tho r i zed  and no approval. i s  a n t i c i p a t e d  i n  t h e  n e a r  
f u t u r e ,  work i s  p r o g r e s s i n g  a t  a very  modest l e v e l .  

In fo rma t ion  concerning t h i s  program was l e a r n e d  from c o n t a c t s  
w i t h  people  a t  t h e  fo l lowing  companies. 

1. General  Dynamics E l e c t r o n i c s ,  San Diego, on Feb. 2 1 ,  1 9 6 7 .  

2 .  A i r  Force B a l l i s t i c  Systems Di.vision, Los Angeles,  on 
March 2 ,  1 9 6 7 .  

3 .  Boeing Aerospace Center,  S e a t t l e ,  IVashington, on May 1 5 ,  
1 9 6 7 .  

4. Lockheed M i s s i l e s  and Space, Sunnyvale,  on June 1 5 ,  1 9 6 7 .  

5 .  b l a r t i n -Mar ie t t a ,  Denver, on J u l y  2 4 ,  1 9 6 7 .  

Some o f  t h e  d e t a i l e d  t e c h n i c a l  in format ion  obta ined  was 
c l a s s i f i e d ,  and t h e r e f o r e ,  only an u n c l a s s i f i e d  summary of  t h e  
r equ i r emen t s  a r e  g iven  i n  t h i s  r e p o r t .  

There  a r e  two p o t e n t i a l  a p p l i c a t i o n s  f o r  AROD i n  t h i s  system, 
F i r s t ,  t h e  system could be used t o  form a combination r a d i o -  
i n e r t i a l -  guidance-  s y s  tem f o r  t h e  advanced ICBFI. O p e r a t i o n a l l y ,  t h e  
use  o f  any r a d i o  system i s  always f aced  w i t h  the t h r e a t  of  enemy 
jamming. While t h e  AROD system i s  capable  o f  a h igh  degree o f  
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a n t i j a m  p r o t e c t i o n ,  i t  i s  always p o s s i b l e  t o  make p e s s i m i s t i c  
enough assumptions t o  show t h a t  t h e  system can be jammed, 
second problem a l s o  ar ises  i n  t h i s  a p p l i c a t i o n ,  i nvo lv ing  t h e  
m o d i f i c a t i o n  of t h e  AROD system t o  handle  t h e  s imultaneous launch 
of many m i s s i l e s .  
more a t t r a c t i v e .  

I n  t h i s  ca se ,  t h e  AROD system would be used dur ing  i n i t i a l  p e r -  
formance t e s t i n g  of t h e  advanced ICBM.  
missiles s imul taneous ly  i s  n o t  r e q u i r e d ,  s i n c e  i t  i s  assumed t h a t  
only one o r  t w o  missiles would be launched a t  a time f o r  t e s t  pu r -  
poses .  For example, t h e  ground s t a t i o n s  could  use e i t h e r  a dua l -  
channel t ransponder  o r  a t ime- sha r ing  p rocess .  

A 

For t h e s e  reasons  t h e  second a p p l i c a t i o n  appears  

Opera t ion  w i t h  many 

For t h i s  a p p l i c a t i o n ,  AROD o f f e r s  t h r e e  s i g n i f i c a n t  advantages.  

1. The equipment s i z e  i s  roughly compatible  w i t h  t h e  volume 
a v a i l a b l e  i n  a missile nose cone. 

The r ad io  system would p rov ide  an independent  check on t h e  
performance of  t h e  missile.  

AROD would provide  improved t r a c k i n g  c a p a b i l i t y  f o r  t h e  
mid-range p o r t i o n  of  f l i g h t s  launched from t h e  Western Test  
Range (WTR). 

2 .  

3 .  

These f a c t o r s  make AROD a t t r a c t i v e  f o r  t h i s  a p p l i c a t i o n ,  b u t  
p r e s e n t l y ,  t h i s  a r e a  does n o t  appear  promising f o r  t h e  immediate 
f u t u r e  because no t i m e t a b l e  has  been e s t a b l i s h e d  f o r  a program t o  
develop an advanced ICBM. 
underway i s  company funded except  f o r  a couple  of s m a l l  s tudy  
c o n t r a c t s .  

I t  i s  important  t o  remember t h a t  once t h i s  program becomes 
o f f i c i a l l y  approved, t h e  p o t e n t i a l  f o r  a p p l y i n g  AROD 3's e x c e l l e n t .  

5 . 2 . 1 . 1  Analysis  

adequate b u t  the v e l o c i t y  accuracy needs improvement by a f a c t o r  of 
roughly f o u r .  
f a c t o r s .  

The re fo re ,  most of  t h e  e f f o r t  p r e s e n t l y  

For t h i s  a p p l i c a t i o n ,  t h e  ranging  accuracy  o f  AROD appears  

I 
The v e l o c i t y  accuracy i s  a f f e c t e d  by t h e  fo l lowing  

f - opera t ing  frequency 

T - measurement i n t e r v a l  

2B1. - c a r r i e r  loop n o i s e  bandwidth 

S/No - r ece ived  s i g n a l  t o  n o i s e  power d e n s i t y  r a t i o  



The expres s ion  f o r  t h e  v e l o c i t y  e r r o r  can be d e r i v e d  ve ry  
e a s i l y  by r e f e r r i n g  t o  t h e  waveform shown i n  F igu re  5-1.  
v e l o c i t y  can be de te rmined  by measuring o r  coun t ing  t h e  number o f  
c y c l e s  o f  c a r r i e r  f requency  ( o r  e q u i v a l e n t l y  a t  a t r a n s l a t e d  i n t e r -  
media te  f requency) .  
can be approximated by t h e  equat ion  

The 

The phase  j i t t e r  o f  t h e  s i g n a l  due t o  n o i s e  

1 
1 

4 = 1/ ,/q Rad 

where(S/N) r e p r e s e n t s  t h e  s i g n a l - t o - n o i s e  r a t i o  which, i n  t u r n ,  can 
be  r e l a t e d  back t o  t h e  i n p u t  (S /No)  and c a r r i e r  t r a c k i n g  loop  band- 
wid th  a s  

1 @ = = l/{K 0 

. .  

I n  terms of a time e r r o r ,  t h i s  becomes 

I 
I 
I and,  s i n c e  t h e  measurement accuracy  i s  g iven  by ("e/".), i t  i s  

p r o p o r t i o n a l  t o  

I 
I 

1 /c= 
7Tf Po) 

T h i s  expres s ion  shows t h a t  t h e  v e l o c i t y  e r r o r  can be reduced 
I' 

by i n c r e a s i n g  t h e  q u a n t i t i e s  T ,  f ,  (S/No),  and by dec reas ing  
The- q u a n t i t i e s  p L  and f i n  t h i s  exp res s ion  a r e  n o t  comple te ly  
independent .  For example,  cons ide r  t h e  e f f e c t  o f  i n c r e a s i n g  "f" 
on t h e  a c q u i s i t i o n  t ime.  As t h e  f requency  "f" i n c r e a s e s ,  t h e  . 
Doppler  f requency  s h i f t  i nc reases  p r o p o r t i o n a t e l y ,  which means 
t h e  sweep r a t e  used f o r  removing t h e  Doppler component must be 
i n c r e a e d  or the  a c q u i s i t i o n  time w i l l  be inc reased .  The expres s ion  
f o r  t h e  maximum sweep r a t e  i s  g iven  by 

PL. 

I 
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This  e q u a t i o n  shows t h a t  i f  t h e  a c q u i s i t i o n  t ime i s  t o  remain 
c o n s t a n t ,  and t h e  frequency i s  doubled ,  t h e  loop  bandwidth must 
be i n c r e a s e d  by fl, which means t h e  r m s  v e l o c i t y  j i t t e r  would be 
reduced by t h e  f a c t o r  & r a t h e r  t h a n  a f a c t o r  of 2 .  The purpose 
of t h i s  a n a l y s i s  i s  t o  show t h a t  t h e  q u a n t i t i e s  i n  t h e  f i r s t  
e x p r e s s i o n  a r e  n o t  wholly independent ,  b u t  i n  s p i t e  of t h i s  t h e  
e x p r e s s i o n  i s  s t i l l  u s e f u l  t o  show how t h e  fundamental  f a c t o r s  * 

i n f l u e n c e  t h e  r m s  v e l o c i t y  u n c e r t a i n t y .  

)I 

For mon i to r ing  t h e  performance of t h e  advanced I C B M ,  v e l o c i t y  
i s  more impor t an t  t h a n  p o s i t i o n  f o r  many t e s t s .  The re fo re ,  an  
a n a l y s i s  was made t o  de te rmine  t h e  e f f ec t  of removing t h e  range  
measurement c a p a b i l i t y  from AROD. The o b j e c t  of t h i s  a n a l y s i s  
was t o  a r r i v e  a t  an e s t i m a t e  of  t h e  r e d u c t i o n  i n  s i z e  al lowed 
by dropping  t h e  range measuring c a p a b i l i t y ,  Th i s  m o d i f i c a t i o n  
e l i m i n a t e s  a l l  of t h e  PN c o d i n g  f u n c t i o n s  and most of t h e  code 
c o n t r o l  f u n c t i o n s ,  

F i g u r e  5 - 2  shows t h e  impac t  o f  t h i s  m o d i f i c a t i o n  on t h e  AROD 
v e h i c l e  r e c e i v e r  b lock  diagram. Those b locks  which are  c r o s s e d  
o u t  cou ld  be e l i m i n a t e d  i n  a r a n g e - r a t e  only-system. A similar 
a n a l y s i s  was made f o r  t h e  ground t r a n s p o n d e r s ,  When t h e  f u n c t i o n  
d e l e t e d  were r e l a t e d  back t o  t h e  a c t u a l  hardware r e q u i r e d  t o  
accomplish t h e  f u n c t i o n ,  i t  was found t h a t  t h e  v e h i c l e  equipment 
was reduced t o  approximate ly  one-ha l f  i t s  o r i g i n a l  s i z e  and t h e  
t r ansponder  t o  approximate ly  60% of i t s  o r i g i n a l  s i z e .  

5 . 2 . 2  N a v i g a t i o n a l  S a t e l l i t e s  Systems 

A l a r g e  number of approaches and system a n a l y s e s  have been 
performed i n  t h e  a r e a  of n a v i g a t i o n  systems u s i n g  s a t e l l i t e s .  
Th i s  broad a r e a  can be c l a s s i f i e d  a long  t h e  fo l lowing  l i n e s :  

1. 

2 .  

3 .  

4 .  

5. 

Type of s a t e l l i t e  o r b i t  - synchronous,  medium a l t i t u d e ,  
o r  low a l t i t u d e .  

Communication l i n k s  - one-way, o r  two-way. 

P o s i t i o n  accuracy  r e q u i r e d ;  h i g h  - 50 t o  1 0 0  f e e t ;  medium - 
.1 t o  . 5  m i l e ;  o r  l o w  - approximate ly  1 mi le .  

Ranging t echn ique  used ,  

a .  CW - PN coding ,  ranging s i d e t o n e s ,  and f requency  sweeping 

b .  P u l s e  - coded o r  uncoded. 

Measurements made - R ,  AR,  R ,  o r  AR. 
. 
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This  a r e a  was surveyed t o  determine where AROD techniques  
appeared most a p p l i c a b l e .  
making s imultaneous range  measurements from up t o  f o u r  t r a n s -  
ponders whose l o c a t i o n s  a r e  known, c o n f i g u r a t i o n s  u s i n g  only  a 
s i n g l e  s a t e l l i t e  do n o t  l e n d  themselves t o  AROD t echn iques .  
S i m i l a r l y ,  a synchronous o r  24-hour s a t e l l i t e  o r b i t  i s  d e s i r -  
a b l e  because i t  p rov ides  continuous coverage of a l a r g e  a r e a  
which i s  n o t  p o s s i b l e  w i t h  a small number of medium o r  low 
a l t i t u d e  s a t e l l i t e s .  One way l i n k s  ( s a t e l l i t e - t o - u s e r )  a r e  
p r e f e r r e d  f o r  immediate a p p l i c a t i o n  of AROD because by e l i m i n a t -  
i n g  t h e  u s e r - t o - s a t e l l i t e  l i n k ,  t h e  t y p i c a l  problem of s a t u r a -  
t i o n  o r  i n t e r f e r e n c e  a t  t h e  s a t e l l i t e  i s  avoided.  S ince  AROD 
has  demonstrated a h i g h l y  accu ra t e  ranging  system, i t  i s  d e s i r -  
a b l e  t o  apply AROD t o  a high accuracy type  of n a v i g a t i o n  system, 

Since t h e  system i s  conf igured  around., 

With t h i s  i n fo rma t ion  a s  background, t h e  n a v i g a t i o n  s a t e l l i t e  
i n t e r e s t s  of t h e  fo l lowing  agencies  were reviewed, NASA's Goddard 
Space F l i g h t  Cen te r ,  NASA's  E l e c t r o n i c  Research Laboratory,  t h e  
A i r  Force ,  Navy, and Army, From t h i s  su rvey ,  i t  appeared t h a t  
t h e  A i r  F o r c e ' s  concept  f o r  a n a v i g a t i o n  s a t e l l i t e  system, ca l led  
621B was t h e  b e s t  area t o  apply AROD. 

More d e f i n i t i v e  informat ion  on t h i s  program was ob ta ined  
through a s e r i e s  of d i s c u s s i o n s  a t  t h e  fo l lowing  p l a c e s .  

1. Lockheed Missi le  and Space on J u l y  2 1 ,  1 9 6 7 .  

2 .  L i t t o n  Guidance and Cont ro ls  D iv i s ionon  August 2 ,  1967. 

3. A i r  Force-SAMSO (formerly SSD) on August 3 0 ,  1967. 

4. Wrigh t -Pa t t e r son  A i r  Force Base - ASD on November 11, 1 9 6 7 .  

The r e s u l t s  of t h e s e  d i s c u s s i o n s  provided  t h e  fo l lowing  i n f o r -  
mat ion  on t h e  6 2 1 B  program. Now, c o n s i d e r  t h e  system geometry 
sugges t ed  f o r  t h e  t a c t i c a l  nav iga t ion  s a t e l l i t e  system which i s  
a l s o  c a l l e d  TACNAVSAT. 

A c l u s t e r  of f o u r  synchronous s a t e l l i t e s  i s  planned;  one i s  
p l a c e d  i n  a synchronous e q u a t o r i a l  o r b i t  such t h a t  i t  remains 
d i r e c t l y  above a s i n g l e  p o i n t  on t h e  e q u a t o r ,  and t h e  remaining 
t h r e e  a r e  p l aced  i n  i n c l i n e d  e l l i p t i c a l  o r b i t s  w i t h  approximately 
24-hour p e r i o d s .  These t h r e e  s a t e l l i t e s  have t h e i r  o r b i t a l  
p l a n e s  i n c l i n e d  approximately 30' w i t h  r e s p e c t  t o  t h e  e q u a t o r i a l  
p l a n e  and have an e c c e n t r i c i t y  of approximately . 2 5 .  With t h i s  . 
e c c e n t r i c i t y ,  t h e  d i s t a n c e  from t h e  c e n t e r  of  t h e  e a r t h  t o  t h e  
p c r i g c c  and apogee v a r i e s  by a f a c t o r  of two. S incc  t h e  angu la r  
r a t e  o f  motion of a s a t e l l i t e  moving around tile e a r t h  jconserva-  
t i v e  c e n t r a l  f o r c e  f i e l d )  cont inuous ly  v a r i e s ,  f o r  t h e  t y p i c a l  
v a l u e s  g iven  above, t h e  s a t e l l i t e  spends approximately 2/3 (12 
h o u r s )  of  i t s  p e r i o d  going from t h e  ascending nodal c r o s s i n g  p o i n t  
t o  apogee and back and on ly  1 / 3  ( 8  hours )  going t o  p e r i g e e  and 
back .  
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This  s e t  of f o u r  s a t e l l i t e s  can be o r i e n t e d  a s  shown i n  F igure  
A s  t ime i n c r e a s e s ,  t h e  s a t e l l i t e s ,  S i ,  S2, and S3 appear  t o  5-3. 

r o t a t e  around t h e  S a t e l l i t e  M t o  a viewer l y i n g  on h i s  back a t  
t h e  equator  d i r e c t l y  undernea th  t h e  s a t e l l i t e  M. 
a l lows  coverage of an a r e a  approximate ly  1 0 0 0  mi l e s  i n  d iameter .  
The i n c l i n e d  e l l i p t i c a l  o r b i t s  a l low t h e  a r e a  of coverage t o  be 
weighted i n  favor  of  t h e  n o r t h e r n  hemisphere.  
i n c l i n a t i o n  were r e v e r s e d ,  coverage of t h e  sou the rn  hemisphere 
would be favored.  

This  o r i e n t a t i o n  

I f  t h e  o r b i t a l  

Now t h a t  t h e  s a t e l l i t e  c o n f i g u r a t i o n  has  been exp la ined ,  i t  
is  p o s s i b l e  t o  d e s c r i b e  how AROD could be a p p l i e d  t o  t h e  NAVSAT 
s y s  tem. 

Assume t h a t  a ground based mas ter  c o n t r o l  s t a t i o n  t r a c k s  a l l  
f o u r  s a t e l l i t e s  and knows . t h e i r  exac t  p o s i t i o n  a s  a f u n c t i o n  of  
t ime.  
of t h e  f o u r  s a t e l l i t e s  and t h e i r  ranges  from t h e  mas ter  c o n t r o l  
s t a t i o n  i n  near r e a l  t ime.  This  d a t a  can be combined wi th  PN 
code t r a n s m i t t e d  by t h e  mas ter  s t a t i o n  i n  a manner s i m i l a r  t o  
t h a t  done p r e s e n t l y  i n  AROD. The f o u r  s a t e l l i t e s  o p e r a t e  a s  
AROD type t r ansponder s ,  s i n c e  they a l l  r e c e i v e  a common PN coded 
s i g n a l ,  demodulate i t ,  and r e t r a n s m i t  t h e  s i g n a l  o f f s e t  i n  f r e -  
quency. Each s a t e l l i t e  has  a s l i g h t l y  d i f f e r e n t  f requency t r a n s -  
l a t i o n  f a c t o r .  
AROD type r e c e i v e r  t o  i d e n t i f y  and p r o c e s s  t h e  s i g n a l s  from a l l  
f o u r  s a t e l l i t e s  s imul taneous ly .  

The s t a t i o n  can t r a n s m i t  d a t a  g iv ing  t h e  p o s i t i o n  of each 

This  f requency  c h a n n e l i z a t i o n  a l lows  a mul t i channe l  
* 

I O p e r a t i o n a l l y ,  t h e  r e c e i v e r  i s  l o c a t e d  a t  "user"  who d e s i r e s  
t o  de te rmine  h i s  p o s i t i o n ,  which i n  t h e  NAVSAT system could be 
an a i r c r a f t ,  h e l i c o p t e r ,  s h i p ,  submarine,  j e e p ,  o r  man pack.  

One d i f f e r e n c e  does occur  i n  t h i s  a p p l i c a t i o n  from t h e  p r e s e n t  
AROD system. S ince  t h e  t r a n s m i t t e r  i s  l o c a t e d  a t  a f i x e d  s t a t i o n  
which i s  removed from t h e  u s e r ,  a pu re  range  measurement can n o t  
be performed a t  t h e  user because i t  does n o t  have t h e  t r a n s m i t t e d  
s igna1  a v a i l a b l e  a s  a r e f e r e n c e .  The re fo re ,  t h e  r e c e i v i n g  system 
must measure range d i f f c r e n c e s ,  A R i ,  which makes t h i s  a h y p e r b o l i c  
system r a t h e r  than  a c i r c u l a r  one,  Four channels  a r e  necessa ry  
because t h r e e  l i n e a r l y  independent  range d i f f e r e n c e s  a r e  r e q u i r e d  
t o  l o c a t e  t h e  u s e r .  

I The major a n a l y s i s  e f f o r t  was devoted  t o  modeling t h e  system 
t o  o p e r a t e  with an a i r c r a f t  because  t h i s  r e p r e s e n t s  t h e  most 
d i f f i c u l t  user  t o  o b t a i n  h igh  a c c u r a c i e s .  P re l imina ry  c a l c u l a t i o n s  
show t h a t ,  i n  o r d e r  t o  o b t a i n  a p o s i t i o n  u n c e r t a i n t y  between SO and 
1 0 0  f e e t ,  t h e  ranging  d a t a  must be smoothed t o  reduce t h e  rms 
v a r i a t i o n s .  

nea r  r e a l  time d a t a  smoothing can be accomplished b y , a d d i n g  an 
i n e r t i a l  measurement u n i t  ( I M U )  , r' 

With a r a p i d l y  moving u s e r ,  such a s  a h igh  performance a i r c r a f t ,  
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This device can provide a very accurate estimate of the velocity 

'The radio ranging system operating alone can still provide position 

and relative position of the user while the radio ranging can 
greatly reduce the relative uncertainty of the user position. 

and velocity information with reduced accuracy. 
' 

This particular program represents an excellent opportunity to 
4' apply AROD technology. It is anticipated that program 621B will 

be initiated in the near future. 

5.3 RANGE INSTRUMENTATION 

the Saturn V. Thus it was only natural that this application 
should be investigated. 

At the present time, the Eastern Test Range (ETR) where launch- 
ings occur from Cape Kennedy is rather well instrumented. This 
is not to say that AROD could not improve their capability but, 
basically, they have sufficient equipment to adequately handle 
their present needs and, therefore, there is little incentive 
for adding new equipment to this range at the present time. 

The situation is quite different at the Western Test Range 
(WTR) where launchings occur from Vandenberg AFB. This range 
suffers from the natural geography of the area which has no 
offshore islands such as the Grand Bahamas chain off the ETR. 
As a result, after most launch vehicles complete their pitch 
maneuver and head down range, they quickly pass out of line of 
sight communication with the ground based tracking systems located 
near Vandenberg AFB. The next tracking station which can be seen 
is Hawaii, if the launch is programmed to fly near this tracking 
station. AROD represents a system which could solve this midrange 
tracking quite easily, since the automatic unattended operation 
feature of the AROD transponder would allow these units to be 
located onboard either anchored or drifting buoys. 

AROD was originally designed to track launch vehicles such as 

Discussions regarding this application were held at Aerospace 
on January 31, 1967 and at Vandenberg AFB on June 14, 1967. These 
discussions confirmed the Fact that the WTR tracking system needs 
improvcment. In fact, Vandenberg AFB pcrsonnel are planning to 
issuc an RFP sometime during lkccmbcr 1367 t o  study the bcst method 
of providing tracking capability for the midrange portion of flight. 
Motorola plans to provide adequate inforination on AROD to the 
winncr of this study program to ensure tliirt the features and capa- 
bilities of the AROD system are fully appreciated by this organi- 
zation, 

8 
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A R O D ' s  c a p a b i l i t i e s  have been thoroughly demonstrated i n  t h e  
l a b o r a t o r y  t e s t  program. S ince  t h e  equipment has  performed 
e x c e l l e n t l y ,  i t  i s  only  n a t u r a l  t o  ex tend  t h i s  t e s t i n g  t o  an 
a c t u a l  f l i g h t  t e s t  program. A program f o r  f l i g h t  t e s t i n g  of  t h e  
AROD system on board a KC135 a i r c r a f t  which i s  p r e s e n t l y  o p e r a t i n g  
ou t  of  Cape Kennedy was d i scussed  on Dec'ember 1 2 ,  1 9 6 7  wi th  A i r  
Fo rce  pe r sonne l  r e p r e s e n t i n g  the Na t iona l  Range Div i s ion  and 
a d v i s o r s  from t h e  Mitre Corp. a t  B o l l i n g  AFB. The Mi t re  Personnel  
are contempla t ing  a f l i g h t  test  o f  t h e  AROD system a t  Cape Kennedy 
and a r e  going t o  p repa re  a program p l a n  f o r  approval  of t h e  A i r  
Force.  I t  i s  a n t i c i p a t e d  t h a t  it w i l l  t a k e  60 t o  9 0  days t o  ob- 
t a i n  approval  f o r  a f l i g h t  tes t  program. A t  t h i s  p o i n t  i n  time, 
i t  appears  t h a t  t h e  p r o b a b i l i t y  o f  approving a f l i g h t  t e s t  a r e  
b e t t e r  t han  5 0 / 5 0 .  The mot iva t ion  f o r  proceeding  wi th  a f l i g h t  
t e s t  i s  t h a t  AROD r e p r e s e n t s  a system t h a t  could  e v e n t u a l l y  be 

Range (WTR). 

5 . 4  OCEANOGRAPHY 

'1 
I - I  
I 
8 
' 8  

I used t o  i n s t rumen t  t h e  mid-range p o r t i o n  of t h e  Western T e s t  

Oceanography i n i t i a l l y  appeared as an a r e a  o f  p o t e n t i a l  a p p l i -  
c a t i o n  f o r  AROD t echn iques .  F o r  example, a c c u r a t e  p o s i t i o n  i n -  
fo rma t ion  i s  r e q u i r e d  f o r  such a p p l i c a t i o n s  as su rvey ing  o f f s h o r e  
o i l  t e r r i t o r i e s  t o  l o c a t e  d r i l l i n g  s i t e s ,  and conduct ing  o r d e r l y  
s e a r c h e s  w i t h  a minimum ove r l ap ,  e . g . ,  t h e  Thresher  and atomic 

' I  
I bomb s e a r c h e s .  

1 
I 
I 
8 
I 

B a t t e l l e  Memorial I n s t i t u t e ,  l o c a t e d  i n  Columbus, Ohio, was 
' v i s i t e d  on March 2 ,  1967, s i n c e  they  are cons ide red  as a f o c a l  

p o i n t  f o r  oceanographic  work, e .g . ,  i n  September, 1966, B a t t e l l e  
h e l d  t h e  "Firs t  Marine Geodesy Symposium." 

Discuss ions  w i t h  Bat te l le  personnel  i n d i c a t e d  t h a t  t h e  a r e a  
of oceanography was expanding very r a p i d l y .  
i n  t h e  accuracy of AROD b u t  when t h i s  system i s  compared w i t h  t h e  
c o s t  and performance o f  e x i s t i n g  systems,  i t  does n o t  appear  t h a t  
t h e  mis s ion  requirements  j u s t i f y  AROD a c c u r a c i e s .  
does n o t  r e p r e s e n t  a c o s t  e f f e c t i v e  s o l u t i o n  t o  t o d a y ' s  needs f o r  
commercial a p p l i c a t i o n s .  I f ,  i n  t h e  f u t u r e ,  a miss ion  develops 
t h a t  r e q u i r e s  AROD type a c c u r a c i e s ,  t h e  e n t i r e  p i c t u r e  f o r  AROD 
a p p l i c a t i o n s  w i l l  change d r a s t i c a l l y .  

I n t e r e s t  was expres sed  

There fo re ,  AROD 

- 
The conc lus ion  drawn from these  d i s c u s s i o n s  i s  t h a t  oceanography 

does n o t  look promising f o r  AROD a p p l i c a t i o n s  i n  the  n e a r  f u t u r e .  
T h e r e f o r e ,  no a d d i t i o n a l  e f f o r t  was expended i n  t h i s  a r e a .  a 

1 
8 
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1. INTRODUCTION 

This  appendix 

APPENDIX . 

AN ABSTRACT 
FROM 

LRPDS SYSTEM 
A SYSTEM MODEL FOR THE 

summarizes the a n a l y s e s  and o b s e r v a t i o n s  concern ing  v 

t h e  system- requi rements  of  t h e  Long Range P o s i t i o n  Determining 
System (LRPDS). The e x t r a p o l a t i o n  of t h e s e  requi rements  i n t o  a 
b a s i c  system des ign  i s  l a r g e l y  based  upon t h e  expe r i ence  ga ined  
wi th  t h e  AROD (Advanced Range and O r b i t  Determining) system i n  which 
t h e r e  i s  a marked s i m i l a r i t y  t o  t h e  LRPDS requi rements .  

The AROD system d e s i g n ,  i n  t u r n ,  stemmed from a se r ies  o f  p ro -  
grams which have developed c a p a b i l i t y  i n  t h e  a r e a s  of t r a c k i n g  and 
p o s i t i o n  l o c a t i n g  systems.  The most s i g n i f i c a n t  s t e p s  i n  t h i s  
s e r i e s  a r e  t h e  Goddard Range and Range Rate system, t h e  J e t  
P r o p u l s i o n  Laboratory Deep Space I n s t r u m e n t a t i o n  F a c i l i t y  (DSIF) 
r ang ing  sys tem,  t h e  A i r  Forces Space Ground Link System (SGLS), and 
t h e  NASA Marsha l l  Space F l i g h t  Center  AROD system. I n  t h i s  r e p o r t ,  
t h e  AROD system w i l l  be s t r e s s e d  f o r  two  r easons :  f i r s t ,  i t  i s  t h e  
most r e c e n t  and most advanced r ang ing  system; and second,  i t s  
o p e r a t i n g  c h a r a c t e r i s t i c s  a r e  very  s i m i l a r  t o  the  requi rements  o f  
t h e  LRPDS system. 

The s i m i l a r i t i e s  of t h e  AROD system t o  t h e  LRPDS requi rements  
a r e  examined below. 

1. The system geometry i s  s i m i l a r  a s  i s  shown i n  F i g u r e  A-1. 
I n  AROD, s imul taneous  ranging  measurements a r e  made be- 
tween an a i r b o r n e  v e h i c l e  u n i t  which may be  mounted on a 
s a t e l l i t e  o r  a launch  v e h i c l e  and f o u r  ground t r ansponder  
s t a t i o n s  whereas ,  i n  t h e  LRPDS system, ranging  measurements 
a r e  made between a r e l a y  a i r c r a f t  and t h r e e  base  s t a t i o n s  
and each of t h e  2 4  forward o b s e r v e r s .  

2 .  Both systems r e q u i r e  a t  l e a s t  a fou r -channe l  r e c e i v e r  a t  
t h e  a i r b o r n e  te rn i inn l .  T h i s  a1 lows s imul taneous  range 
measurenients between tlic r c l n y  a i r c r n r t  arid the three base 
s t a t i o n s  from which the  a i r c r a f t  p o s i t i o n  can b e  uniquely  
determined wi thou t  t h e  need f o r  curve f i t t i n g  between t h e  
d a t a  p o i n t s .  This  is  an impor tan t  c o n s i d e r a t i o n  because ,  
i n  t h e  i n t e r v a l  of t i m e  between f o u r  range measurements 
when a s i n g l e  channel  r e c e i v e r  i s  used ,  an a i r c r a f t  i n  
t u r b u l e n t  weather  can undergo v i o l e n t  p o s i t i o n  changes. 

3 .  AROD uses  a pseudonoise (PN) range t r a c k i n g  code. In  t h e  
LRPDS sys tem,  t h e  type  of PN code used w i l l  be modif ied 
s l i g h t l y  because t h i s  system must be des igned  f o r  a n t i j a m  
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requi rements  t h a t  were n o t  necessa ry  f o r  AROD system. Use 
of a PN code i n  t h e  AROD system provided  Motorola w i t h  unique 
expe r i ence  concerning t h e  des ign  c o n s i d e r a t i o n s  necessa ry  
t o  f a c i l i t a t e  automatic  code a c q u i s i t i o n  which i s  necessa ry  
f o r  t h e  LRPDS system. 

4. AROD uses  a compact frequency s y n t h e s i z e r  which al lows 
t h e  s e l e c t i o n  of a l a r g e  number o f  d i f f e r e n t  ' f requency 
channels  w i t h i n  a given o p e r a t i n g  band. Channel s e l e c -  

2 t i o n  i s  a d e s i r a b l e  f e a t u r e  f o r  t h e  LRPDS system. 

5 .  S i z e ,  weight ,  power, and r e l i a b i l i t y  e s t i m a t e s  can be  
given w i t h  a h igh  degree o f  conf idence  based on ex t rapol$a-  
t i o n  from t h e  AROD equipment. 
expe r i ence  w i t h  t h i s  equipment, no p a r t i c u l a r  problems a r e  
a n t i c i p a t e d  i n  meeting t h e  r e l i a b i l i t y  s p e c i f i c a t i o n .  

On t h e  b a s i s  of our  p a s t  

6 .  S t a t e - o f -  t h e - a r t  packaging techniques  which invo lve  the 
optimum combination of  mono l i th i c  and hybr id  i n t e g r a t e d  
c i r c u i t s  demonstrate  t h a t  i t  i s  p o s s i b l e  t o  package t h e  
equipment r e q u i r e d  f o r  t h e  a i r b o r n e  u n i t  w i t h i n  a s m a l l ,  
compact p i e c e  of  equipment. The modular technique  used 
al lows r e p a i r s  t o  b e  done on a module replacement b a s i s ,  
which i s  impor tan t  t o  t h e  f i e l d  r e p a i r  requirement  s p e c i f i e d  
f o r  t h e  LRPDS system. 

Thus, i t  i s  seen  t h a t  t h e  AROD system has provided  a s o l i d  
t e c h n o l o g i c a l  b a s e  f o r  t h e  design and development of t h e  LRPDS 
system. In  a d d i t i o n ,  s i n c e  t h e  equipment has been b u i l t  and t e s t e d  
i n  t h e  l a b o r a t o r y  t o  t h e  NASA environmental  s p e c i f i c a t i o n s ,  Motorola 
i s  a b l e  t o  quote  a t t a i n a b l e  performance c h a r a c t e r i s t i c s  of  t h e  
LRPDS equipment w i t h  a h igh  degree of confidence.  

2 .  ANALYSIS 

In  t h e  fo l lowing  paragraphs ,  t h e  c r i t i c a l  a r e a s  o f ' t h e  Long 
Range P o s i t i o n  Determining System a r e  exp la ined  f o r  t h e i r  impact 
upon thc  system des ign .  P a r t i c u l a r  a t t e n t i o n  has  been a p p l i e d  
t o  t h o s e  a r e a s  where requirements d i f f e r  from t h e  cor responding  
c o n s t r a i n t s  i n  t h e  e x i s t i n g  AROD System Design. The common r e -  
qu i rements  have been analyzed p r e v i o u s l y  and t h e  s o l u t i o n s  v e r i f i e d  
i n  t h e  o p e r a t i n g  equipment. 

2 . 1  SYSTEM ACCURACY 

The s p e c i f i c a t i o n  r e q u i r e s  t h a t  t h e  rms p o s i t i o n  e r r o r  (ex- 
c l u d i n g  t h e  v e r t i c a l  e r r o r  component] of t h e  forward obse rve r  
s h a l l  b e  l e s s  than  ( 3 . 5  x 10'4)R o r  1 0  meters depending on which 
i s  g r e a t e s t .  In  o r d e r  t o  determine t h e  accuracy requirements  
needed f o r  t h i s  equipment,  a c a l c u l a t i o n  was performed t o  determine 
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t h e  GDOP (geometr ica l  d i l u t i o n  of p r e c i s i o n )  t h a t  occurs  f o r  t h e  
geometry used i n  LRPDS system. F igure  A - 2  shows t h e  c o o r d i n a t e  
system used,  t h e  p o s i t i o n  of t h e  t h r e e  base s t a t i o n s ,  and t h e  loca-  
t i o n  o f  t h e  a i rbo rne  v e h i c l e  a t  t h r e e  d i f f e r e n t  t imes.  The 
l o c a t i o n s  o f  t he  base  s t a t i o n s  are denoted by c i r c l e s  and t h e  
approximate l o c a t i o n  of t h e  a i r c r a f t  a t  t h e  t h r e e  measurement 
i n t e r v a l s  i s  denoted by t h e  squa res .  A i r c r a f t  a l t i t u d e s  of  5 and 
1 0  km were used i n  t h e s e  c a l c u l a t i o n s .  According t o  t h e  ground 
r u l e s  d e f i n e d ,  t h e  base  s t a t i o n  p o s i t i o n s  were assumed t o  c o n t a i n  
no e r r o r s .  

The c a l c u l a t i o n  was performed i n  t h e  fo l lowing  manner. F i r s t ,  
t h e  rms p o s i t i o n  e r r o r  of t h e  a i r c r a f t  a t  t h e  t h r e e  measurement 

i n t e r v a l s  was c a l c u l a t e d ,  where ARMS = 
r e s u l t  of t h i s  c a l c u l a t i o n  was used as  t h e  p o s i t i o n  u n c e r t a i n t y  
of t h e  a i r c r a f t  du r ing  t h e  n e x t  c a l c u l a t i o n .  In t h e  second computa- 
t i o n ,  t h e  p o s i t i o n  of t h e  forward obse rve r  was v e r i f i e d  between 1 0  t o  
550  km and t h e  GDOP r e s u l t i n g  f rom the  ranging  e r r o r s  and a i r c r a f t  
p o s i t i o n  e r r o r  were determined. 

&X2 + AY2 + A Z 2 .  The 

Curves showing t h e  (N-E)  p o s i t i o n  e r r o r  f o r  1 . 0  meter and 10 
meter e r r o r  i n  range measurement a r e  given i n  F igu re  A-3. I t  i s  
seen from t h i s  graph t h a t  f o r  a 1-meter  measurement accuracy ,  t h e  
p o s i t i o n  e r r o r  i s  w e l l  below t h e  r e q u i r e d  l i m i t .  

With AR equal  t o  1 0  meters, t h e  p o s i t i o n  e r r o r  i s  below t h e  
l i m i t  f o r  ranges g r e a t e r  t han  90 km and i s  s l i g h t l y  above t h e  
l i m i t  f o r  ranges less than 90 km. 

Rather  than drawing a f ami ly  of  curves  f o r  v a r i o u s  va lues  of 
A R ,  F igure  A-4  shows a curve of t h e  range measurement accuracy 
r e q u i r e d  t o  meet t h e  p o s i t i o n  accuracy requi rements .  The r e v e r s e  
c u r v a t u r e  a t  s h o r t  ranges occurs  because t h e  maximum range e r r o r  
i s  d e f i n e d  a s  a c o n s t a n t  (10  M) r a t h e r  than  a s  a l i n e a r  f u n c t i o n  
of R. From t h i s  curve ,  i t  can be seen t h a t  t h e  maximum range 
e r r o r  t h a t  w i l l  a l low meet ing t h e  s p e c i f i c a t i o n  a t  s h o r t  ranges 
i s  approximately 4.8 meters .  

The equipment modeled f o r  t h i s  system w i l l  have a c a l i b r a t i o n  
b i a s ,  o r  d r i f t ,  of l ess  than  1 meter.  S ince  each r ang ing  l i n k  
uses  a ground t ransponder  and t h e  v e h i c l e  equipment,  t h e  t o t a l  
ranging  e r r o r  in t roduced  by t h e  equipment i s  approximate ly  
JZ-* meters ,  

I f  t h e  range accuracy o f  t h e  equipment i s  combined w i t h  t h e  
wors t  case  r e s i d u a l  p ropaga t ion  e r r o r ,  shown i n  F igu re  A - 5 ,  t h e  
p o s i t i o n  accuracy of t h e  model system i s  given by t h e  dashed l i n e  
shown i n  Figure A - 3 .  This  shows t h a t  t h e  accuracy  i s  much b e t t e r  
than  t h a t  r equ i r ed  by t h e  s p e c i f i c a t i o n .  , . .  

*This va lue  assumes t h a t  t h e  r ang ing  b i a s  e r r o r s  a r c  u n c o r r c l a t e d .  
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F i g u r e  A - 2 .  System Geometry Used f o r  GDOP Ana lys i s  
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2 . 2  PROPAGATION CORRECTIONS 

Figure  A - S A  i s  a p l o t  of t h e  range c o r r e c t i o n  t h a t  i s  r e q u i r e d  
due t o  t h e  e f f e c t  of t h e  t roposphere .  F igure  A - 5 B  shows t h a t  re-  
s i d u a l  e r r o r  t o  be expected.  The method of  c o r r e c t i o n  i s  t h a t  
sugges ted  by Thayer and Bean of N B S .  (G .D.  Thayer and B.R.  Bean, 
"An Analys is  o f  Atmospheric Ref rac t ion  E r r o r s  o f  Phase Measuring 
Radio Tracking Systems," P a r t  I ,  N B S  Report 7254, U.S. Dept. of 
Commerce, NBS,  Boulder ,  Co lo . ,  5 June 1962.) The method i s  a s  
good o r  b e t t e r  t han  any o t h e r  i n  use .  

The magnitudes a s  shown i n  F igure  A - 5  a r e  t h e  c o r r e c t i o n s  and 
r e s i d u a l  e r r o r s  f o r  a mean s u r f a c e  index of r e f r a c t i o n  of 3 3 4  N 
u n i t s  and i s  the  r e s u l t  o f  7 7  p r o f i l e s  measured under a v a r i e t y  
of c o n d i t i o n s  a t  1 3  s t a t i o n s  i n  t h e  United S t a t e s .  

The range c o r r e c t i o n  term,  Rc (R, H )  i s  given by 

Rc(R,H) = A ( R ,  H) + B ( R ,  H) N, 

Where H i s  the  a l t i t u d e  d i f f e r e n c e  between t h e  t w g  t e r m i n a l s ,  R is 
t h e  s l a n t  range and N, is  t h e  s u r f a c e  index of r e f r a c t i o n .  More 
complicated func t ions  f o r  R 
index b u t  a lso s t a t i o n  h e i g k t  above s e a  l e v e l ,  h s ,  o r  hs p l u s  t h e  
change i n  index of r e f r a c t i o n ,  and AN, over  t h e  f i r s t  k i l o m e t e r  of 
a l t i t u d e  above t h e  s t a t i o n .  The l a t t e r  i s  probably  not r e a d i l y  
a v a i l a b l e  f o r  t h e  LRPDS a p p l i c a t i o n ,  b u t  by u s i n g  h s ,  t h e  r e s i d u a l  
range e r r o r  can be reduced by a f a c t o r  of  about  2/3. 

Of prime concern i s  t h e  v a l u e  of  Ns t o  u se  i n  making t h e  range 
c o r r e c t i o n s .  I d e a l l y ,  t h i s  c o r r e c t i o n  would use  t h e  s u r f a c e  
va lue  of each ground s t a t i o n  t o  c o r r e c t  t h e  range t o  t h a t  s t a t i o n .  
However, t h i s  e n t a i l s  measuring Ns a t  eve ry  l o c a t i o n  and t e l e m e t e r -  
i n g  t h i s  va lue  t o  t h e  a i r c r a f t .  Th i s  i s  probably  n o t  n e c e s s a r y  a s  
Ns i s  h i g h l y  c o r r e l a t e d  ove r  very l a r g e  a r e a s ,  I n  g e n e r a l ,  it 
t a k e s  a change in ground p o s i t i o n  on t h e  o r d e r  o f  500 km t o  make 
t h e  sarr.2 change as  moving v e r t i c a l l y  1 km. The v a l u e  of N s  a t  any 
h e i g h t  i s  e s s e n t i a l l y  

can be  used which use  n o t  only s u r f a c e  

- h/K 
N(h) = N, e 

Where K i s  a s c a l e  f a c t o r  equa l  t o  about  9 km. The change i n  H(h) 
f o r  a change o f  h e i g h t  of 1 km ( e q u i v a l e n t  t o  a range of  500 km) i s  
approximat e l y  

- h / K  
N(k = 1 km) - Ns = Ns (1 - e 
35 N u n i t s  

) = 3 3 4  N ( 1  - e-'*,> = 
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The maximum v a l u e  of B ( R ,  H) for LRPDS geometr ies  i s  approximate ly  
0 . 2  which i n d i c a t e s  t h a t  t h e  e r r o r  i n  Ns would produce a range- e .  

e r r o r  on t h e  o r d e r  of 7 meters ,  While t h i s  va lue  seems l a r g e ,  i t  
must be remembered t h a t  t h i s  occurs  a t  t h e  maximum range a t  which 
p o i n t  t h e  GDOP ( s e e  Figure.  A-3)  i n c r e a s e s  t h e  p o s i t i o n  u n c e r t a i n t y  
t o  8 4  meters  rms which i s  w e l l  w i t h i n  t h e  s p e c i f i c a t i o n  l i m i t  of 
1 7 5  meters  rms. 

S ince  Ns can va ry  from mean v a l u e s  by as much a s  230 N u n i t s  
f o r  g iven  l o c a t i o n s  on a day- to-day  b a s i s ,  hour ly  samples of Ns 
from t h e  base  s t a t i o n s  w i l l  be  adequate .  

2.3 L I N K  CALCULATIONS 

The LRPDS system u t i l i z e s  two-way r a d i o  l i n k s  between t h e  a i r -  
borne v e h i c l e  and b o t h  t h e  base s t a t i o n s  and forward o b s e r v e r  
equipments.  The r e c e i v e d  power, P R ,  i s  given by 

PR = 'T GT rtTA2) 
4~ R2 

Where PT = t r a n s m i t t e d  power - w a t t s  

GT = t r a n s m i t t i n g  antenna ga in  

G R  = r e c e i v i n g  an tenna  gain 

R = r ange ,  meters 

X = wavelength ,  meters 

Before  v a l u e s  a r e  c a l c u l a t e d  u s i n g  t h i s  e q u a t i o n ,  i t  i s  d e s i r a b l e  
t o  d i s c u s s  t h e  v a l u e s  which a f f e c t  t h e  r e c e i v e d  power, PR,  

The extreme v a l u e s  f o r  R vary from a maximum o f  558 km, 

1(550f + (90 )  2] '", t o  an assumed minimum range of 3 km 
(zl0,OOC f t )  when t h e  v e h i c l e  i s  d i r e c t l y  ove r  a base  s t a t i o n .  
Th i s  range v a r i a t i o n  produces a s i g n a l  dynamic range of  45.4 db. 

The t r a n s m i t t i n g  an tenna  l o c a t e d  on t h e  v e h i c l e  must be  s u i t -  
a b l e  f o r  u se  w i t h  an a i r c r a f t .  For o p e r a t i o n  i n  t h e  400-blHz reg ion  
w i t h  a p r o p e l l e r  d r i v e n  a i r c r a f t ,  a qua r t e r -wave leng th  monopole 
an tenna  i s  recommended. I t  w i l l  be  approximately 7 . 4  inches  long  
and can be shaped t o  minimize t h e  d rag  on t h e  a i r c r a f t .  T h i s  t ype  
of an tenna  i s  v e r t i c a l l y  p o l a r i z e d  which i s  d e s i r a b l e  because i t  
t e n d s  t o  reduce t h e  m u l t i p a t h  r e f i e c t i o n s .  A monopole ~iii ieii i ia,  
normal ly  has  a s m a l l ,  r e s i d u a l  , h o r i z o n t a l l y  p o l a r i z e d  component. 
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This  i s  important  when t h e  v e h i c l e  i s  d i r e c t l y  over  a base  s t a t i o n  
because i t  e l i m i n a t e s  t h e  requirement  t o  r e o r i e n t  t h e  b a s e  s t a t i o n  
an tenna  s o  t h a t  t h e  p o l a r i z a t i o n  axes a r e  p a r a l l e l .  When t h e  
v e h i c l e  i s  n e a r l y  overhead,  t h e  range i s  s u f f i c i e n t l y  s m a l l  
( 3  < R < 1 0  km) s o  t h a t  t h e  base  s t a t i o n s  can o p e r a t e  s a t i s f a c t o r i l y  
w i t h  t h e  power r e c e i v e d  from t h e  r e s i d u a l  h o r i z o n t a l l y  p o l a r i z e d  
component. By mounting t h e  antenna on t h e  bottom of t h e  f u s e l a g e ,  
an e s s e n t i a l l y  hemisphe r i ca l  p a t t e r n  is  produced. I n  t h e  f i n a l  
d e s i g n ,  t h e  antenna should  be  t a i l o r e d  t o  produce a p a t t e r n  which 
tends  t o  reduce t h e  power r a d i a t e d  d i r e c t l y  below t h e  a i r c r a f t  and 
which h e l p s  t o  d i r e c t  more power t o  t h e  d i s t a n t  forward obse rve r s  
and can provide an antenna ga in  of a few db. In modeling t h i s  
system, t h e  conse rva t ive  f i g u r e  of 0 db was used f o r  t h e  t r a n s -  
m i t t i n g  antenna. 

The base  s t a t i o n s  r e q u i r e  hemisphe r i ca l  coverage which can be  
provided  by a v e r t i c a l l y  p o l a r i z e d  l / l -wave  monopole s t u b  s imilar  
t o  t h a t  used  i n  t h e  a i r c r a f t .  I 

F o r  t h e  forward o b s e r v e r s ,  i t  i s  d e s i r a b l e  t o  p rov ide  an an tenna  
wi th  more d i r e c t i v i t y ,  mainly t o  reduce r e f l e c t i o n s  and t o  supply  
d i s c r i m i n a t i o n  a g a i n s t  i n t e r f e r i n g  s i g n a l s .  The e l e v a t i o n  ang le  
v a r i e s  between approximately O o  and 4S0 and t h e  inc luded  azimuth 
angle  between approximately 78O and 156O. I t  i s  d e s i r a b l e  t h a t  
t h e  forward observer  shou ld  be a b l e  t o  o r i e n t  t h e  an tenna  w i t h  
s u f f i c i e n t  accuracy,  u s i n g  only  a compass. ' T h u s  t h e  an tenna  i s  
designed w i t h  a 3 db beamwidth o f  300 i n  e l e v a t i o n  and 140' i n  
azimuth, which p rov ides  an an tenna  ga in  of approximately 7 db. 

The antenna used by t h e  forward o b s e r v e r  must be  compact, 
l i g h t w e i g h t ,  and r e a d i l y  assembled i n  t h e  f i e l d .  A v e r t i c a l  mono- 
p o l e  o r  s t u b  with a p a r a s i t i c  r e f l e c t o r  w i l l  p r o v i d e  t h e  d e s i r e d  
antenna p a t t e r n .  F igure  A - 6  shows t h e  p h y s i c a l  dimensions of  t h e  
antenna.  By making t h e  elements  t e l e s c o p i n g ,  t h e  an tenna  may. be 
packaged s o  t h a t  i t  i s  compatible  w i t h  t h e  res t  of  t h e  system. 

The fo l lowing  f a c t o r s  i n f l u e n c e  t h e  cho ice  of t h e  o p e r a t i n g .  

1. E a s i e r  f requency a l l o c a t i o n s .  

2 .  Reduced s p e c u l a r  m u l t i p a t h  r e f l e c t i o n s .  

Lower f requencies  a r e  d e s i r a b l e  because of 

1. Increased  t r a n s m i t t e r  e f f i c i e n c y .  

2 .  Transmi t t e r  i s  e a s i e r  t o  des ign  and b u i l d .  

3 .  Reduced frequency u n c e r t a i n t y  due t o  Doppler s h i f t .  

f requency ,  Higher f r e q u e n c i e s  a r e  d e s i r a b l e  because of 
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r\ IMPEDANCE MATCHING SECTION 

Figure A-6. Base Station Antenna 
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Since  a t  the  p r e s e n t  time no frequency band has  been a s s i g n e d ,  
a nominal f requency o f  400  MHz was p icked  as  t h e  frequency band 
of t h e  model, for a n a l y s i s  purposes .  I t  i s  impor tan t  t o  n o t e  t h a t  
t h e  system could be modeled and b u i l t  f o r  h i g h e r  o r  lower f r e -  
quency o p e r a t i o n  w i t h  approximately t h e  same performance if t h e  
a v a i l a b l e  f requency bands r e q u i r e d  a change. 

Using t h e  parameters  d e s c r i b e d  above, F igure  A - 7  shows a cu rve  
of r e c e i v e d  power v e r s u s  range.  The r e c e i v e d  s i g n a l  v a r i e s  from 
-57 t o  - 1 0 2  dbm which produces a 45 db dynamic range.  

Both t h e  ground and v e h i c l e  use  8 db NF r e c e i v e r s .  Assume t h e  
forward obse rve r  equipment has  a 2.0 db l i n e  l o s s  and t h e  v e h i c l e  
equipment has  a 0 . 0  db l i n e  l o s s .  The r i g h t - h a n d  s c a l e  i n  F igu re  
A - 7  shows thetSNR ( the rma l  n o i s e )  f o r  a 2-kHz bandwidth. A t  maxi- 
mum range ,  a 30 db pure  c a r r i e r  SNR occurs  i n  2 kHz which i n d i c a t e s  
t h a t  good vo ice  communications a r e  p o s s i b l e  even a t  t h e  maximum 
range i n  a 3.5-kHz bandwidth. 
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SNR (DB) IN 2 KHz BW 

RECEIVED SIGNAL LEVEL (DB) 
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Figure A - 7 .  Received Power vs Range 
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